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The initial stages of magnesium oxidation are investigated by high-resolution electron-energy-loss
spectroscopy. Two species (magnesium oxide and chemisorbed oxygen) are simultaneously detected
from their vibrational bands even for minimal oxygen exposures. The evolution of the surface oxide
can be quantitatively described by dielectric theory using infrared optical constants deduced from
measurements on MgO single crystals. The proposed oxidation model is confirmed by the Mg 2p
electron-distribution curves obtained with synchrotron radiation.

I. INTRODUCTION

There is considerable technological as well as funda-
mental scientific interest in the study of the oxidation of
metal surfaces. Particularly important is the observation
of the early stages of interaction when the reacting gas is
brought into contact with the clean metallic surface. The
details of these first steps often condition the oxidation
process and must be known to understand the exact oxi-
dation mechanism. Magnesium is an example of a metal
whose incipient surface oxidation has been little studied
experimentally. The reason probably lies in the
difhculties encountered in sample preparation because of
its high reactivity with oxygen. Most previous studies
have concentrated on evaporated films and, up to now,
very few experiments on single-crystal surfaces have been
reported, although they should give more precise infor-
mation because low-energy electron difFraction (LEED)
measurements are now feasible.

Namba et al. ' proposed a four-stage model for the in-
cipient oxidation of Mg(0001) based on LEED, Auger-
electron spectroscopy (AES), electron energy-loss spec-
troscopy (EELS), and work-function measurements: (1)
random oxygen chemisorption followed by oxygen incor-
poration, (2) assembly into islands and lateral growth, (3)
oxide formati'bn, (4) oxide thickening. They emphasized
the inhuence of surface roughness on their results. The

adsorption of oxygen on Mg(0001) was studied by
Ghijsen et al. using x-ray photoemission spectroscopy
(XPS). After the immediate formation of oxide they also
observed another oxygen species (defective oxide or
chemisorbed oxygen). Hayden et al. investigated the
early stages of oxidation of Mg(0001) and Mg(1100)
single-crystal surfaces by LEED, EELS, work function,
and ellipsometric measurements. They reported the for-
mation of an incorporated (1X1) oxygen underlayer up
to monolayer coverage (about 6 L exposure, where L
denotes langmuirs, or 10 Torrs) and its subsequent
transformation into epitaxial oxide.

Flodstrom and Martinsson studied the initial oxida-
tion of Mg(0001) by AES, LEED, and EELS. They
identified three successive stages: (1) oxygen chemisorp-
tion below the top Mg layer, (2) formation of an oxide
layer, and (3') oxide thickening. They also presented some
evidence for epitaxial oxide formation.

From this summarized review of the literature, it ap-
pears that there is a discrepancy between the XPS and
the results from other techniques. Although XPS reports
immediate oxide formation, all other authors observe a
"precursor" chemisorption stage, before oxide formation.
The purpose of this paper is to address this issue in the
early oxidation of Mg single-crystal surfaces. As it is
necessary to use highly surface-sensitive techniques, we
have chosen high-resolution electron-energy-loss spec-
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troscopy (HREELS) and synchrotron-radiation-induced
photoemission spectroscopy whose capabilities for sur-
face and interface studies have been abundantly demon-
strated in recent years.

It has been shown on several occasions that HREEL
spectra of oxides and semiconductors can be quantitative-
ly explained by the dielectric theory. This is the reason
why we will start this study with a detailed description of
the HREELS results obtained on MgO single crystals.
These results will serve as a reference to characterize the
two oxygen species observed during oxygen exposure of
the Mg surfaces. An attempt will be made to extend the
use of the dielectric theory in order to interpret quantita-
tively the HREEL spectra recorded during Mg oxidation.
We succeed for one oxygen species by invoking an empir-
ical rule valid for diatomic gas molecules and whose ap-
plication we believe can be relevant in the solid-state con-
text. The other oxygen species will be only qualitatively
discussed.

The resulting oxidation model is that of direct incor-
poration of atomic oxygen in the magnesium, leading to
the simultaneous formation of Mg oxide and of a less-
bonded oxygen chemisorbed at the surface. This model is
confirmed by the analysis of the Mg 2p electron-
distribution curves (EDC's) observed by photoemission
using synchrotron radiation.

II. HREEI.S EXPERIMENTAI. SETUP

The HREELS measurements were taken with a single-
pass 180' hemispherical electron spectrometer (SEDRA,
I.S.A. Riber) consisting of a monochromator and an
analyzer. All spectra were recorded in the specular
scattering geometry with an angle of incidence of 45'.
The electron impact energy was chosen so as to provide
maximum electronic reflectivity. The exact electron en-
ergy was measured in the case of MgO by scanning the
HREEL spectrum up to the cutoff of the intensity. For
the metallic samples the electron beam energy is deter-
mined from the accelerating potential of the last elec-
trode, i.e., the reported values are not corrected for
work-function differences between sample and emitting
cathode.

III. MAGNESIUM OXIDE

necessary. This setup uses the defocused beam of an
Auger-electron gun to "Aood" the surface with high-
energy electrons. Details about the operation of this gun
and about the explanation of its neutralization effects
have been extensively discussed elsewhere. For the mea-
surements reported here the settings of this auxiliary
electron gun were typically 2.8-keV energy and less than
1 pA intensity.

B. Results and interpretation
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The HREELS measurements on MgO single crystals
were intended to serve as a reference for characterization
of the oxide formation during exposure of magnesium to
oxygen. In this framework, they will also be used here to
establish the dielectric theory which will be tentative1y
applied in the following section to describe the oxidation
process,

The experimental spectrum of Fig. 1 has been recorded
with the use of the neutralization electron gun. From
both sides of the elastic peak, it displays a series of peaks
equally spaced by 651 cm ' and related to the excitation
or annihilation of Fuchs-Kliewer optical surface pho-
nons. These phonons are two-dimensional waves travel-
ing parallel to the surface. They are surface waves be-
cause their amplitudes decay exponentially in the z direc-
tion perpendicular to the surface.

Solving Maxwell's equations in the vacuum and the
bulk MgO while taking into account the proper boundary
conditions at the surface yields the result that the decay
length of a Fuch-Kliewer phonon is equal to the inverse
of the modulus of its two-dimensional wave vector. In
the present experimental conditions (low electron impact
energy and small analyzer aperture g, ) the electrons
entering the detector will have experienced very small
changes of their wave-vector component parallel to the
surface. Calculations show that the maximum wave vec-
tor transferred to the phonon is km, „=kog„ko being the
deBroglie wave vector of the incident electron. A value

A. Sample preparation

Two kinds of magnesium-oxide single crystals from
Spicer Ltd. were used. They had 99.999% and 99.9%
purity, respectively. The samples were cleaved in air just
before their loading in the ultrahigh-vacuum (UHV) sys-
tem. Cleavage produced well-oriented (001) surfaces,
with very few visible steps or defects. LEED patterns
showed no reconstruction and, after a brief heat treat-
ment at 900 K, no contamination could be detected by
AES using a retarding-field analyzer.

The 99.9%-pure samples were conducting enough to
be analyzed by HREELS without problems due to charg-
ing effects; however, the spectra were of poor quality. In
order to stabilize the surface potential on the insulating
99.999%%uo-pure samples, a special experimental setup was
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FICi. 1. HREEL spectrum of 11.6-eV electrons specularly
reflected from MgO(001). The angle of incidence is 45 .
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0
of 0.04 A ' is obtained for k „under our experimental
conditions, which means that the range of the observed

0
phonons is of the order of 10 A. . This long-range proper-
ty of the Fuchs-Kliewer modes is very important because
it allows nondestructive investigations of interfaces of
dielectric materials by HREELS. This has been recently
reported in two cases: the CaF2/Si(111) interface
and a compound semiconductor superlattice GaAs-
Al Ga

&
As. Another consequence of the long-

wavelength character of the Fuchs-Kliewer phonons is
that they will be less sensitive to the detailed microscopic
structure of the surface and they will allow the use of
continuum theories such as the dielectric theory. '

1. Frequency dependence

A complete derivation of the semiclassical dielectric
theory of electron energy loss has been presented in
several papers listed in the references, " so that we can
start here with the general result obtained in Ref. 7 for
the "classical energy-loss probability" P„describing the
single event corresponding to the excitation of one sur-
face mode:

P()=4 e d2 1 ql2 (v)
- 'q' --q' '+q""

—1
X Im

(o(q, co)+ 1

$0(q, co) can be considered as an "effective" dielectric
function. For a semi-infinite isotropic medium such as
the MgO fcc lattice, $0(q, co) reduces to the well-known
frequency-dependent dielectric function e(co) which can
be removed from the integral. In this case, P,&(co) factor-
izes as the product of two functions.

(i) The integral over a domain D delimited by the angu-
lar acceptance of the analyzer. It gives an amplitude
function depending strongly on the kinematic parame-
ters: phonon wave vector q and electron velocity com-
ponents (v~, v~~). This function has a lobed spatial struc-
ture that peaks sharply very close to the specular
rejected beam. It is known as the "dipole lobe" and has
an angular width approximately equal to %co/2EO, fico

and Ep being the phonon and electron energies, respec-
tively. '

(ii) A shape function ImI —1/[e(co)+1]I depending
only on the infrared optical constants of the material
through the classical Lorentzian model of the dielectric
function e(co) in the phonon range:

(eo —e„)coTo2

e(co) =e„+
COT~ CO l P cocoTO

tal HREEL spectrum. This provides a convenient way of
determining infrared optical constants by Atting the elec-
tron energy-loss data in a similar way as it is done in in-
frared reAectivity, when a classical dispersion analysis is
applied.

The HREEL spectra of MgO are best fitted with the
following optical constants:

coTO=393 cm '
6p 6' =6.85, y =0.089 .

These values should be compared to the equivalent
room-temperature optical constants of MgO calculated
from infrared reAection spectra by Piriou' and Jasperse
et al. ' which are listed in Table I. As can be seen, they
needed two oscillators to fit their reAectivity curves. The
most important one, at about 400 cm ', corresponds to
the single resonance frequency deduced by HREELS.
The second oscillator, which has a low strength and is
heavily damped, is located at a frequency of 640 cm
close to the Fuchs-Kliewer phonon. As IRS is not sensi-
tive to surface modes, this second oscillator cannot be at-
tributed to a coupling of light with Fuchs-Kliewer pho-
nons, but it is usually interpreted as arising from anhar-
monicity effects (combined excitation of bulk acoustic
phonons). It is thus coincidental that this frequency
matches almost exactly the frequency corresponding to
the energy-loss peak observed by HREELS.

Furthermore, two-oscillator behavior is also observed
on alkali halides such as LiF (Refs. 15 and 16) or NaF
(Ref. 17), but in that case there is no overlap with the
Fuchs-Kliewer frequency measured by HREELS. It is
also clear that a second oscillator could be added in the
HREELS calculations in order to account for the much
higher damping of 35 cm '. But higher damping values
are a common feature of HREELS (Ref. 18), so that it is
not necessary to introduce a second oscillator, which is
also not evident from the HREEL spectra.

Let us emphasize that an accurate determination of the
infrared optical constants of MgO was only possible due
to the excellent energy resolution of the measurements.
Such an energy resolution which is evaluated from the
width of the elastic peak (27 cm ), is more easily ob-
tained on insulators because of the absence of low-energy
excitations such as plasmons or electron-hole —pair
creation.

So far, only the frequency dependence of the classical
loss probability was checked by the dielectric theory in

TABLE I. Infrared optical constants of MgO determined at
room temperature by HREELS (this work) and by infrared
reAection spectroscopy (IRS) measurements (e =3.01).

~TO
(cm ')

ep and e are the static and high-frequency dielectric
constants, respectively. AT& is the resonance frequency
and y is its damping ratio. These infrared optical con-
stants are usually known from infrared reAection spec-
troscopy (IRS) measurements so that a theoretical classi-
cal loss probability can be calculated a priori and, after a
special folding ("Poissonization") followed by the instru-
mental broadening, ' can be compared to the experimen-

HR EELS

IRS'

IRSb

'Reference 15.
Reference 14.

393+3

401+1
640+3

397.5+1
643+1

6.85+0. 1

6.60+0.05
0.045+0.005

7.30+0.5
0.012+0.003

0.089+0.01

0.0190+0.006
0. 160+0.010

0.0136+0.0005
0.053+0.008
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the HREELS-IRS comparison. We have also performed
two sets of measurements, in order to check the impact-
energy dependence and the angle of incidence depen-
dence of the HREELS cross sections.

2. Impact-energy dependence

In this case integrated intensities of the first energy-loss
peak (Ii ) divided by the elastic peak intensity (I,i ) are the
relevant quantities, as these ratios directly compare to the
frequency integrated classical loss probability P ~. When
the electron impact energy is increased, the dipole lobe
tends to shrink so that it becomes completely subtended
by the detector. Consequently, one may carry out the in-
tegration in Eq. (1) over the total solid angle of 4m

without loss of accuracy and get the following asymptotic
behavior:

V)
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FIG. 3. Collection of energy-loss spectra of 6.1-eV electrons
after specular reflection on a MgO(001) surface. The angle of
incidence is varied from 40' to 80, in steps of 5 . A11 spectra are
normalized by keeping constant the number of electrons count-
ed.

I] /IO EUJ K Ep (4)

3. Angle ofincidence dependence

Figure 3 shows a collection of HREEL spectra record-
ed in specular geometry on MgO with the same electron
impact energy of 6.1 eV, for different angles of incidence
varying from 40 to 80'. The intensity of each spectrum
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FICx. 2. Relative intensity (I/I, I„„,) of the first-order

energy-loss peak measured by HREELS on MgO(001). The
solid line is the result of a calculation from the dielectric theory
(see text and Ref. 20).

100

K and E'' being constants. This characteristic energy
dependence of E~ ' at high electron energies was
confirmed by Ibach on ZnO (Ref. 19) early in the devel-
opment of HREELS and was considered at that time as
an important test of the dielectric theory proposed by Lu-
cas and Sunjic. ' We have performed similar measure-
ments on MgO and the results are indicated in Fig. 2 on a
log-log plot where the theoretical line reproduces an "ex-
act" calculation based on formulas given in Ref. 20. The
decrease of the cross section at low electron energies is
caused by the broadening of the dipole lobe which opens
up and whose angular aperture becomes larger than that
of the analyzer.

has been normalized so that the integral (i.e., the total
number of electrons counted) is constant for all spectra.
One can see the evolution of the classical loss probability,
which can be roughly evaluated from the intensity ratios
of the first energy-loss peak (in black in Fig. 3) and the
elastic peak.

The angular cross sections have been analyzed in detail
in two papers by Thiry et al. and Lambin et al. In the
former paper, a rather crude version of the dielectric
theory was used where the wave-vector integral in Eq. (1)
was performed approximately. Nevertheless, satisfactory
agreement could be obtained with the measured data, by
introducing an "effective" analyzer aperture of 1.8' in-
stead of the geometrical value of 1.2 and by taking into
account image-charge effects. This calculation has been
repeated recently with more accuracy by Lambin et al.
using an exact formalism of dielectric theory. They
reproduced the measured cross sections to a high level of
accuracy.

To conclude this section, we point out the excellent
quantitative agreement found in the interpretation of
HREELS data of MgO by the semiclassical dielectric
theory, when the following conditions are fulfilled: ' (1)
correct choice of impact energy, (2) smooth refiectivity in
the impact-energy range, (3) avoidance of grazing angles
of incidence, and (4) detection in the specular reflected
beam. In the following sections, we will attempt to apply
the same formalism to the description of the oxidation of
Mg single-crystal surfaces.

IV. OXIDATION OF MAGNESIUM

A. Sample preparation

The samples used for the oxidation studies were mag-
nesium single crystals (99.99% purity) from Metal Crys-
tals and Oxides Ltd. They were oriented with a precision
better than 1 to Mg(0001) which is the hexagonal basal
plane, and Mg(1100) which is the orientation of a lateral
face of the hexagonal prism constituting the Mg elemen-
tary cell. After mechanical polishing, they were electro-
chemically polished in a solution containing orthophos-
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phoric aci, e ano,'d, th 1 and water until a bright mirrorlike
e bbt ined. In situ cleaning was performed ysurface was o aine ~

nt (500 eV, 2t d cycles of Ar-ion bombardment 5 erepea e cy
at a tem-pA/cm a o/ t 45' of incidence, 1 h) and annealing

erature not ig erh' h than 440 K in order to prevent mag-P
After this cleaning treatment,nesium evaporation. e

sharp primitive pLEED patterns were observed at eV in
accordance wi eith the crystallographic hexagonal-close-
packed structure and no contaminants cou d e e ec
by AES. However, it is clear that the resulting surface

h is far from being perfect due to the roughnesstopograp yis ar
be borne ind b the ion sputtering. This should because y e

'

1 results.mind uring ed d
'

th discussion of the experimental r
uce in theAt this point, the sample was introduce in e

analysis cham er anh b d the cleaning was further monitored
y HREELS. Brief sputter-anneal cycles were t en re-
eated until the closest approximation was reached to anpeated unti e c

h h nl an elastic
d. The cleanin„peak and no energy-loss peak was observed.

t was sto ed when no further improvement of
the surface quality could be detected. Figure s ows e
best clean Mg surface ever obtained before the oxidation
experiments. ne can s i0 till detect some traces in the fre-
quency region w ereh the oxygen vibrations will appear.
The oxygen concentration on the surface was estimate
to be 0.01 monolayer in this case.

Research-grade oxygen (99.998% purity was intro-
duced in the analysis chamber through a lealeak valve, after
passing t roug a ry-ih h d -'ce-cooled trap in order to reduce
the water contamination. The background pressure in
the analysis chamber was 8 X 10 Pa
Oxygen pressures of 6 7 X 10 Pa have been used up to 1

1.33X10 u to 5 L; 6.7X10 Pa up to 20
L; higher exposures were performed in t e prepara ion
chamber wit h 1 33X10 and 6.7X10 " Pa. The pres-
sures indicate in e ed th t xt are uncorrected gauge read-

ings. During the oxygen exposures in the analysis
chamber, the HREELS filament was switched o

B. HREELS results (Ref. 22)
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Energy {meVj

400
I

Ng t0001}+02
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20L .128e~~
x e
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F' 5 summarizes a typical sequenc e of HREELigure s
~ ~

ess ofrded during the early oxidation proc
(0001). As already mentioned, a slight ox&de con am-

ination is o serve eb d before gas introduction: in t is p
o ofaticular case i corresp't sponds to a coverage of about o o a

15 2mono ayer m1 (1 monolayer = 1.12 X 10' atom/cm . rom
at 460 andt e star, woh t t vibrational bands are observe a

d Pl and620 cm '. These two peaks, which will be labele an
P2, are relatively broad and P1 appears as a shoulder ex-

resolved. For exposures higher than 10 L, one one observes a
h d vibrational band on Fig. 4 at 3700 cm-1 an wo

other structures at 1130 and 1290 cm ' which can be at-
1 0 L additionaltributed to combination bands. Above 1 0

energy-gain peaks appear w ic pich corres ond to the erst
two vibrationa an s.1 b d Similar spectra were recorded on
Mg(1100).

i
' '' dbPeak positions, wik

'
idths and intensities were derive y

Gtt' mixed Gaussian-Lorentzian curves to the mea-ing
d data after subtraction of an exponentiantial back-sure ata a er

'n of the elasticground corresponding to the right wing o e e
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FIG. 4. Energy-loss spectrum of 6.5 eV elecV electrons rejected on
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FIG. 5. HREEL spectra of 6.5-eV electrons recorded during

early exposure of Mg(0001) to oxygen (0.5 —20 L). The angles of
incidence and of analysis are 45 .
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peak. The intrinsic Lorentzian peak profile is convolved
with the instrument transfer function, which in our case
is an asymmetric gaussian. Figure 6 shows that the posi-
tions of the two peaks P1 and P2 shift to high frequencies
after passing through local minima at about 4 L for Mg
(0001) and 2 L for Mg(1100).

The intensities measured with respect to the elastic
peak yield the classical loss probability, but a precise
determination is difficult because the intensities depend
strongly on the shape of the background. Different fits
can give errors up to 20% and the intensities vary be-
tween cycles of oxygen exposure, however, the qualitative
behavior is the same in all cases. A characteristic series
of relative intensities is shown in Fig. 7 for Mg(0001). We
designate the relative intensities of P1 and P2 as I, /Io
and I2/Io. One observes a regular increase of I2/Io,
with an infIection point at about 4 L and saturation after
200 L. The relative intensity I)/Io of P1 follows that of
P2 at low exposure, reaches a maximum at about 20 L
and then levels off rapidly.

At low exposure (( 5 L), the widths of Pl and P2 are
very similar, but at high coverages P1 becomes substan-
tially broader than P2. Typically, for an energy resolu-
tion of 70 cm ' [full width at half maximum (FWHM) of
the elastic peak] at 10 L, Pl will have a width of 240
cm ' and P2 120 cm

Figure 8 shows that the elastic-peak intensities with
respect to oxygen exposure are completely different for
the two surfaces (0001) and (1100). On Mg(1100) the in-
tensity decreases with coverage, but on Mg(0001) there is
an increase. No work-function compensation was ap-
plied to make these measurements, but the HREELS
filament was allowed to recover up to the initial mono-
chromator current value. These results will be discussed
in a following section.

C. The dielectric theory

Before we discuss the HREELS results, it is interesting
to apply dielectric theory to predict the effects observed
during the early oxidation of magnesium. The problem
amounts to constructing a suitable "effective dielectric

0.15— Mg(0001) 12/Ip

0

0.10

10 100

Oxygen exposure (L)
1000

FIG. 7. Relative intensities (I& /I, h,„, and I2/I, )„„,) of the
two peaks P1 and P2 observed on Mg(0001) as a function of oxy-
gen exposure. The error bars are at least 20% of the experimen-
tal data. The solid lines are only guides to the eye.

eo(co) =
CO + I /COCO&

The surface-plasmon frequency m =7.2 eV was measured
by Ghijsen et al. , and the damping ratio y=0.2 was
deduced from the width of the loss peak. To describe the
dielectric function of the oxygen layer (e, ) we take the
optical constants measured by HREELS on MgO (see
Sec. III B 1).

function" go(q, co ) to be ' introduced in the classical
energy-loss probability.

For a single layer of thickness d with dielectric func-
tion e&(co), supported by a semi-infinite homogeneous
substrate of dielectric function eo(co), a straightforward
calculation yields the following formula:

(E& /sinhqd)
gp(q co ) =go(q co) = e ~cothqd

e&cothqd +so

The dielectric response of the magnesium substrate eo is
modeled by introducing a Drude contribution of the form

It I I
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FIG. 6. Evolution of the frequencies of the peaks P1 (chem-
isorbed oxygen) and P2 (surface oxide) observed during expo-
sure of Mg(0001) and Mg(1100) to oxygen. One observes a local
minimum at about 4 L on Mg(0001) and at 2 L on Mg(1100).
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FICx. 8. Intensity variation of the elastic peaks recorded dur-

ing oxygen exposure of Mg(0001) and Mg(1100).
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FIG. 9. Theoretical behavior of the optical surface-phonon
frequency vs oxide thickness, calculated from the dielectric
theory in the case of a thin crystalline MgO layer supported on
magnesium.

For vanishingly small oxide thickness (d ~0) the
response function of the system -Im{ —1/[go(q, co)+1]I
has two poles located at the LO (716 cm ') and TO (393
cm ') frequencies of MgO, respectively. From an in-
spection of the boundary conditions used to compute the
classical energy-loss probability, it appears that the LO
frequency is associated with a surface-phonon mode of
MgO type and that the TO frequency must be attributed
to a mode localized at the interface between the metal
and the oxide layer (interface mode). The intensity of the
interface mode is very low in comparison to the surface
mode, because it is heavily screened by the metal elec-
trons. With increased oxide thickness, the surface-
phonon frequency shifts to lower values and tends asymp-
totically to the Fuchs-Kliewer phonon frequency of MgO
(Fig. 9). On the other hand, the interface phonon fre-
quency increases with layer thickness, but its intensity
drops very rapidly and it becomes undetectable after a
few angstroms oxide thickness.

One can of course question the applicability of a mac-
roscopic continuum theory such as the dielectric theory
to the description of very thi, n oxide layers for which
quantum effects should play an important role. Never-
theless, it is interesting to see that two frequency modes
are obtained theoretically and observed experimentally in
the early stages of oxidation. Unfortunately, the compar-
ison between theory and experiment ends here because,
contrary to the predicted decrease in frequency, an in-
crease is observed for peak P2 (surface phonon) which
starts at the very low value of 640 cm ' and overrides the
Fuchs-Kliewer mode at higher oxygen exposure. It is
clear that the present situation is to be very different from
the case of an epitaxial dielectric layer supported on an
isotropic substrate, e.g. , epitaxial CaF2 on Si(111), where
dielectric theory is applicable in the intermediate thick-
ness range of 100 A.

If peak P2 is attributed to the surface phonon frequen-
cy of the MgO layer, an interpretation other than the in-
terface phonon must be found for peak Pl. The rapid in-
tensity saturation of this peak suggests that it could be as-

sociated with chemisorbed oxygen at the surface. Hy-
droxyl vibrations can be ruled out, because the corre-
sponding 0—H stretching band (3700 cm ') is not
detected below 10 L although peak Pl is present from the
start.

D. Discussion

W'e first concentrate our discussion on the interpreta-
tion of the second peak P2. Three pieces of evidence
demonstrate that P2 is the vibrational fingerprint of
magnesium-oxide formation at the surface: (1) its fre-
quency is always close to the frequency of the Fuchs-
Kliewer phonon of MgO, (2) its presence from the begin-
ning, and continued increase in intensity, is consistent
with the scheme of immediate oxide formation deduced
from other spectroscopies, and (3) the observation of mul-
tiple energy-loss peaks and energy-gain peaks attests to
its "phonon" character, which is also confirmed by the
observation of epitaxial MgO(111) domain formation re-
ported from LEED analysis. ' ' P2 is thus attributed to
a Fuchs-Kliewer optical surface mode of the MgO layer.
We then have to interpret its frequency shift observed
during early oxidation.

Usually, coverage-dependent frequency shifts measured
in an adsorbate layer are interpreted as resulting from a
"physical" and a chemical" shift. The former is relat-
ed to lateral interactions between the oscillating dipoles.
The effect is a depolarization of the dynamical dipole in-
creasing the force constant and thus inducing a shift to
higher frequencies. The chemical shift is due to interac-
tions with the substrate. both contributions can be
separated if the experiments are carried out with different
isotopic mixtures.

In the present context, these frequency shifts are ig-
nored since the interaction of oxygen with magnesium
single-crystal surfaces results in the immediate formation
of oxide by oxygen incorporation. The oxygen molecule
is immediately dissociated (either by its contact with the
magnesium surface or by the hot ion gauge filament) and
buried under the surface where it reacts to form magnesi-
um oxide. This process of direct incorporation is
confirmed by XPS results and by all the work-function
measurements. The observed frequency shift can then
only be due to the change of the interatomic Mg-0 dis-
tance. This interpretation is confirmed by a geometrical
model, based on the comparison between the lattices of
the metal and its oxide.

The position of the oxygen atoms in the Mg lattice can
be easily deduced if one compares the fcc MgO lattice
with the hcp Mg lattice. The resulting chemisorption site
is an octahedral site where the oxygen atom has an envi-
ronment quite similar to the one it has in magnesium ox-
ide, except that the Mg-0 distance is 2.27 A instead of
2.10 A in MgO. The oxygen atoms located in these sites
are regularly distributed in planes parallel to Mg(0001)
and exhibit the same symmetry as the Mg basal plane.

The fact that the chemica1 bonding of the oxide is
completed at once suggests an extension of the Birge-
Mecke (BM) rule (usually applied to diatomic molecules
in the gas phase ) to describe the frequency shift quanti-
tatively. The empirical BM law relates the vibrational
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frequency (co) of a molecule to its interatomic distance
(r):

r n =const . (7)

F(EO, $„8,co, )

EocosO

noe

eoao P

n, (fico, )+ 1
X (8)

Taking for the incipient oxidation stage the observed
frequency of 620 cm ' and the "unrelaxed" Mg-O dis-
tance of 2.27 A, it is possible to calculate the constant in
Eq. (7) and to plot the function (Fig. 10). We can then
predict that the peak frequency measured at 660 cm ' at
saturation (1000 L) corresponds to an interatomic dis-
tance of 2.20 A, i.e., an oxygen-induced lattice contrac-
tion of 3%. Moreover, if one assumes a complete recon-
struction of the Mg+0 lattice into a perfect MgO lattice
(Mg—0 bond=2. 10 A) the BM law extrapolates a pho-
non frequency of 724 cm '. This value is close to the
LO-phonon frequency of MgO as deduced from
HREELS measurements (716 cm '

) applying the
Lyddane-Sachs-Teller relation. We emphasize that the
LO frequency was predicted by dielectric theory for a
very thin film of MgO supported on the metal. The
correspondence of this frequency (716 cm ') with the
frequency deduced from the BM relation (724 cm ')
confirms the proposed oxidation model. The initial fluc-
tuations of frequency can be related to the buildup of the
first oxide layer, thus indicating monolayer formation at
4 L for Mg(0001) and at 2 L for Mg(1100). It is only after
the first oxide layer is complete that one observes a lattice
contraction during further oxidation.

We can try to calibrate the oxygen uptake using the di-
polar theory. In a famous paper on the quantum-
mechanical treatment of HREELS, Evans and Mills
proposed a formula for the relative intensity of an
energy-loss peak related to phonon excitation in a layer
of adsorbed dipoles:

I1

42
E

Io @+1

ao is the Bohr radius, eo is the vacuum permittivity, no is
the adsorbate concentration on the surface, e is the
effective charge associated with the dipolar momentum of
the vibration, p is the reduced mass of the oscillator, 0 is
the angle of incidence, Eo is the incident electron energy,
e is the substrate dielectric constant, f, is half of the
analyzer angle of acceptance, n, is the Bose-Einstein dis-
tribution, and co, is the phonon frequency. The ampli-
tude factor F is given by

F(E 0 8 )
sin'8 —2cos'8

fico
+1

2$,EO

2$,EO+(1+cos 8)ln 1+
fico,

'2

(9)
If Eq. (8) applies in our case, we should find a cross-
section dependence of Eo ' instead of Eo ' as previously
found for the Fuchs-Kliewer phonon of MgO. Therefore,
a systematic investigation of the relative intensities versus
impact energy was carried out from 5 to 100 eV. An ex-
posure of 10 L was chosen because at lower coverages the
peak intensity was not constant for a long enough time
due to continued oxidation from the ambient oxygen.
The result, plotted in Fig. 11, clearly indicates an Eo
dependence in agreement with Eq. (8).

Equation (8) was then numerically evaluated with
[e/(e+1)] =1, which is justified for a metal in this fre-
quency range. Setting e* to the Szigeti charge of MgO
(0.83e) as deduced from our HREELS measurements on
MgO single crystals, one obtains

I2 /Io =0.034n o

where no is expressed in monolayer units for Mg(0001).
From the relative intensities shown in Fig. 7, a monolayer
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FIG. 11. Electron impact energy dependence of the HREEL
reduced cross section of peaks P1 and P2 measured after 10 L
exposure on Mg(1100). Data reduction is performed by dividing
the peak intensities by the amplitude factor I' described in the
text [Eq. (9)] in order to get the E ' law.
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of surface oxide is formed on Mg(0001) for an oxygen ex-
posure of 4 L which is close to the inAection point and
confirms the qualitative evaluation based on the inspec-
tion of the frequency shifts.

For the Mg(1100) surface, the equivalent formula is

Energy (meV)
200 400 600

I

02/M g (0001)

+1h

10L x 256
xQg-

OL
x256

I I I t I I

0 2000 I+000

Wave Number ((:m")
FIG. 12. Energy-loss spectra recorded after specular

reflection of 5.5-eV electrons on a rough (nonannealed)
Mg(0001) surface. The first spectrum is taken before oxygen ex-
posure, the second one after 10 L 02 exposure, and the third one
1 h later without subsequent oxygen exposure.

I2 /Io =0.030n 0

A monolayer of oxide is obtained after an exposure of 2
L, i.e., twice as fast as on Mg(0001). The interaction of
oxygen with the more open Mg(1100) surface destroys its
symmetry as confirmed by the decrease of the elastic in-
tensity (Fig. 8) and by the LEED measurements of Hay-
den et al. The loss of symmetry enhances the oxidation
process. For the Mg(0001) surface the increase in the
elastic intensity and the persistence of the primitive
(1 X 1) LEED pattern up to 6 L are in keeping with or-
dered adsorption at the octahedral sites described previ-
ously.

We now come to the interpretation of peak P1, which
is observed at a lower frequency than P2. One must keep
in mind that at low exposure P1 and P2 behave very simi-
larly, and that the work-function results reported by oth-
er authors' indicate adsorption sites under the surface.
We propose two interpretations.

(1) Chemisorbed oxygen: There is a tetrahedral site on
the Mg surface which could accommodate one oxygen
atom during the early stage of oxidation, and that would
be filled preferentially in the neighborhood of the oxide
islands.

(2) After completion of the first oxide (and chem-
isorbed) monolayer, Pl could also be the signature of in-
terstitial oxygen, difFusing through the oxide barrier to
carry the oxidation further inside the metal.

The second interpretation is confirmed by the spectra
in Fig. 12 which have been recorded on a nonannealed

Mg(0001) sample. The residual roughness favors the for-
mation of interstitial oxygen' which is then automatically
converted into oxide as shown by the third spectrum tak-
en one hour later without further exposure to oxygen.

From a detailed inspection of the shape and width of
the peaks it is clear that severa1 components contribute to
Pl after monolayer completion (i.e., ) 10 L). These com-
ponents cannot be resolved with the present energy reso-
lution but they are thought to result from the two oxygen
species and from the vibrations of OH species, which are
identified by their stretching vibrations at 3700 cm
Another conclusion is that OH chemisorption is observed
only after the buildup of the first oxide monolayer, indi-
cating that OH chemisorbs on magnesium oxide and not
directly on the clean metal.

E. Conclusions and comparison
with other spectroscopies

From the HREELS results, two different atomic oxy-
gen species are observed during early oxidation of crys-
talline magnesium surfaces: surface oxide and chem-
isorbed oxygen. The evolution of the oxide could be
quantitatively described by dipolar theory. Chemisorbed
oxygen is present from the beginning and seems to ac-
company the oxide formation up to the completion of the
first monolayer. The evolution of both species is similar
for the two surfaces Mg(0001) and Mg(1100) but the
latter is more reactive. We now brieAy compare our re-
sults with those obtained from other spectroscopies.

Work-function measurements indicate an initial de-
crease during oxygen exposure of the two faces. This re-
sult has been used to determine possible oxygen sites,
since it restricts the sites where oxygen can be incor-
porated. The slight increase observed after 10 L could be
due to the presence of hydroxyl radicals adsorbed on the
surface.

LEED measurements have been reported by Namba
et al. ,

' Hayden et al. , and Flodstrom and Martinsson.
They agree with the octahedral site for the surface oxide,
and confirm the coverage for the formation of the first
oxide monolayer and the different reactivities of the two
surfaces Mg(0001) and Mg(1100).

EEL (medium resolution) and Auger spectroscopies' '

cannot distinguish the different oxygen species and their
results can only be globally compared to the HREELS re-
sults. However, they do not even find a difFerent reactivi-
ty for the two surfaces Mg(0001) and Mg(1100).

The clearest evidence for the presence of two oxygen
species during early Mg single-crystal oxidation has been
reported by Ghijsen et al. using XPS. They detected
two oxygen species with different 0 1s core-level binding
energies. It is clear that one species must be attributed to
our surface oxide peak P2. They tentatively assigned the
other species to either interstitial oxygen or defective ox-
ide because it appeared only after the "true" oxide. On
the basis of the XPS results alone it would be diKcult to
rule out the presence of hydroxyl groups which would
have similar binding energies. It was suggested that more
information could be obtained from a detailed inspection
of the Mg 2p core-level peaks measured after low oxygen
exposure. In order to get the best energy resolution and
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using XPS (Ref. 2) or synchrotron radiation. The broad
oxide component is shifted by about 1.3 eV to higher
binding energy, with respect to the metal line. ' We
were unable to fit our spectra with only one oxide species
and found it necessary to use at least two components as
is shown in Fig. 14 for the spectrum recorded after 1 L
exposure. Hereafter, these two oxygen-related doublets
will be referred to as lower-binding-energy (LBE) and
higher-binding-energy (HBE) peaks, respectively.

Upon oxygen adsorption the Mg 2p surface and bulk
components are attenuated but the Mg 2p surface to Mg
2p bulk intensity ratio is almost unaffected. At the same
time, the binding-energy difference between the com-
ponents increases from 190 to 460 meV and a slight in-
crease of the FWHM from 94 to 125 meV is observed.
We explain these changes by a progressive replacement of
the Mg 2p surface component by a contribution coming
from the interface between the bulk Mg and the MgO
layer. The thermodynamical model used by Kammerer
et ai. to explain the surface shift for clean Mg obvious-
ly has to be modified to allow for the presence of an inter-
face. Moreover, the final-state screening is also expected
to change due to the presence of the MgO layer. Howev-
er, the quantitative determination of these combined
effects is beyond the scope of this work.

We now focus our attention on the identification of the
two oxygen-related components HBE and LBE. As LBE
corresponds to the peak position observed on heavily oxi-
dized magnesium, it can be identified as the MgO species.
Its chemical shift of 1.08+0.15 eV with respect to bulk
metallic Mg is within the range of 0.8 —1.3 eV reported in
the literature for MgO. ' We achieve better accuracy
because we are working with single crystals and separate

the bulk and surface contributions. Almost all other pub-
lished results were obtained on polycrystalline samples,
except the work by Ghijsen et al. on Mg(0001), who ob-
tained a chemical shift of 1.05 eV assuming only one ox-
ide species and one metallic component to be present.

The second doublet (HBE) at a binding energy of
51.44+0.10 eV is attributed to oxygen chemisorbed at the
surface of the oxide layer in formation. Consequently, it
should correspond to the P1 species observed by
HREELS. Its smaller binding-energy shift (0.65+0.15 eV
instead of 1.08+0.15 eV) indicates an incomplete charge
transfer which is the cause of its lower vibrational fre-
quency. The intensity ratio HBE:LBE is almost equal to
unity, independent of the oxygen exposure. This is in
keeping with the HREELS results where P1 and P2 grow
simultaneously from 0 to 10 L 02 exposure. Table III
summarizes the mean values of the parameters used to fit
the spectra. A quantitative analysis of the peak intensi-
ties is not relevant here due to their lack of reproducibili-
ty which was probably due to the increasing roughness of
the surface with successive sputtering cycles. The impor-
tant result of this section is the confirmation of the ex-
istence of two oxygen species as observed by HREELS
during early exposure to oxygen and their identification
as MgO and oxygen chemisorbed on the oxide layer, re-
spectively.

The presence of two oxygen species during oxidation of
Mg(0001) had already been deduced by Ghijsen et al. ~

from an inspection of the 0 1s peaks recorded with XPS.
Their conclusions were that one peak at about 530 eV
binding energy should be attributed to the oxygen of
magnesium oxide and that the other one at 533 eV could
be due to defective oxide or chemisorbed oxygen on top
of the oxidized substrate. This second 0 ls species seems
to correspond to our HBE peak but there is a difference
in that it only appeared after the development of the ox-
ide. The probable explanation for this discrepancy lies in
the different energy resolution and surface sensitivities of
the two techniques.

VI. CONCLUSIONS

2 Che

The high sensitivity of HREELS enabled us to identify
the simultaneous appearance of two oxygen species dur-
ing early oxidation of magnesium single-crystal surfaces.
Referring to the results obtained on MgO, it was possible
to quantitatively describe the oxidation process by assum-
ing an adsorbate-induced lattice contraction. However,

TABLE III. Average values of the relevant parameters used
to fit the spectra in the range of 0.5—3 ML oxygen exposure.

I I I

54 52 50

Binding Energy (eV)

FIG. 14. Curve-fitting results to the Mg 2p core-level EDC
recorded on Mg{1100}after 1 L 02 exposure. The excitation en-

ergy is 100 eV. The dashed line represents the background.
The four individual spin-orbit doublets discussed in the text, as
well as their sum, are shown.

Mg 2p bulk
Mg 2p surface
LBE
HBE

{eV)

49.71+0.05
49.93—50.20'
50.79+0.10
51.44+0. 10

'Depending on the oxygen exposure.

FWHM
(meV)

68+8
94-125'
308+30
380+20

0.132+0.003
0. 122-0. 132'

&0. 1
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although this reconstruction is plausible we admit that
the HREELS data only provide indirect evidence. It
would be interesting to confirm this working by measur-
ing the Mg—0 bond length during oxygen exposure with
extended x-ray-absorption fine-structure spectroscopy or
to calculate the Mg+ 0 lattice relaxation from the
analysis of LEED I-V curves. The second oxygen species
is attributed to oxygen chemisorbed on the oxide being
formed and could only be interpreted qualitatively. The
HREELS observations are confirmed by the analysis of
the Mg 2p EDC's recorded using synchrotron radiation.
The results presented here do not indicate the occurrence
of a "precursor"-type oxygen species before oxide forma-
tion.
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