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O adsorption and incipient oxidation of the Mg(0001) surface
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First-principles density-functional calculations are used to study the early oxidation stages of(0GOM)g
surface for oxygen coverages 146 <3 monolayers. It is found that at very low coverages O is incorporated
below the topmost Mg layer in tetrahedral sites. At higher oxygen load the binding in on-surface sites is
increased but at one monolayer coverage the on-surface binding is still about 60 meV weaker than for
subsurface sites. The subsurface octahedral sites are found to be unfavorable compared to subsurface tetrahe-
dral sites and to on-surface sites. At higher coverages oxygen adsorbs both under the surface and up. Our
calculations predict island formation and clustering of incorporated and adsorbed oxygen in agreement with
previous calculations. The calculated configurations are compared with results from angle-scanned x-ray pho-
toelectron diffraction experiments to determine the geometrical structure of the oxidiz&@d0Aysurface.
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I. INTRODUCTION at random sites followed by oxygen incorporatid8) as-
sembly of incorporated oxygen atoms into islands and lateral
The process of oxidation of metal surfaces is of considergrowth, (3) oxide formation from surface Mg atoms and sub-
able fundamental scientific interest as well of paramounsurface O atoms which starts at, @xposures around 2—3 L
technological importanckCorrosion and passivation are just (Langmuip or 0.5—-1 monolayer of total coverage, at#
two examples of either destructive or useful processes linkedxide thickening. Several other experimental studies pro-
directly to this phenomenon, which are well known from vided arguments for a three-stage model of oxidation that
everyday life. Oxidation of metal surfaces begins with dissovwas proposed at approximately the same time. In this
ciative chemisorption of oxygen on a clean surface and isnodef'°atomic oxygen is directly incorporated into magne-
followed by the formation of a film of metal oxide. In be- sium (be|0W the top Mg |ayerr|ght after on-surface disso-
tween these events there are many elementary processes. Tigtion. In the next step there is simultaneous formation of an
study of Al and Mg oxidation is particularly important be- 5yiqe layer and a decrease in the oxygen on the sulface.

cause Al and Mg belong to the group of so-called simplegin,)y there is oxide thickening and transformation into a
metals and are considered model systems for studies of OXig cksalt structure

dation of transition metals. Both metals exhibit high reactiv- This model of immediate incorporation of oxygen gained

ity with oxygen and oxidize rapidly. Aluminum oxiddalu- upport from the x-ray photoelectron spectroscopy study of
mina) form several different phases where the structure of 1PP 7 y P P py y
Ghijsenet al,” and particularly from the measured sharp de-

some of them was only recently identified by combiradx crease in the work function of the @O0 surface upon

initio  density-functional theory(DFT) and experimental =~ & X
studies> Magnesium oxide is known to eventually form crys- initial O exposure. The formation of an O-(X1) subsur-

tals of the rocksalt structufebut can also experience com- f@ce layer up to monolayer coverage and its subsequent
plex reconstructions at partial coveragésBoth Mg and Al tran_sformatlon into epitaxial oxide was also repoftéthe

oxides play an important role in catalyst support and findPositions of the subsurface oxygen atoms were deduced to be
many other useful applications. octahedrally coordinated where the oxygen has an environ-

The number of experimeanFSStudies and theoretié4l® ment similar to that in Mgdo This is in agreement with a
treatments devoted to the oxidation of magnesium is relamore direct experimental evidence for oxygen incorporation
tively limited compared to the more extensively studied oxi-in the octahedral interstitial sites of the first two interlayer
dation of aluminum. In this paper we present a systematispacings of Mg during the initial stages of magnesium
study of the initial oxygen incorporation and island forma- oxidation!! and with later inelastic ion scattering experi-
tion by first-principles theory calculations and we use thements on a polycrystalline Mg surfal®&™A recent scanning
results to interpret high-quality x-ray photoelectron diffrac-tunneling microscopy(STM) study of the oxidation of
tion (XPD) measurements for low Odoses. Mg(000) suggests that at low oxygen exposufes to 2 L)

The existing picture of the M@O001) surface oxidation the incorporated oxygen atoms form a single layer under-
processes dates back to the early 1980s. Based on the exterath the top layer of Mg.The idea of immediately popu-
sive low-energy electron diffractiofLEED), Auger electron lated subsurface sites seems also to be supported by recent
spectroscopy, electron energy-loss spectroscopy, and workeasurements by Mitroviet al,'> however, they show that
function measurements Namkaal. proposefl a four-stage  most of the oxygeri90%) remains over the surface and only
model consisting of(1) dissociative oxygen chemisorption a small fraction goes below the surface. Thus, the question
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regarding the most favored adsorption sites is still debated
and requires further analysis.

On the theoretical side, the local-density-functional theory
(DFT) calculations of Bungaret al® show that oxygen is
incorporated forming a (X 1) subsurface lattice. A recent
DFT-based lattice gas model stddgf island formation in
the early Md0001) oxidation stages has shown that at very
low filling the oxygen atoms adsorb in the top-most subsur-
face (tetrahedral B sites in an ABA . .. stacking of mag-
nesium. At higher oxygen load also the deeper sites are
filled, and the adsorbed oxygen atoms form dense clusters
just below the surface and in further subsurface locatfdfis.
For larger clusters the oxygen-oxygen interaction effects FIG. 1. Sketch of the adsorption sites of oxygen at low cover-
drive the oxygen atoms further into the magnesium subsurage. The positions indicated by crosses to the left are the adsorption
face layers and bulk. sites at 1/16 ML single O-atom adsorption.

The rest of this paper is organized as follows. In Sec. I
systematic DFT calculations in the range of coverages besion, 0.4% contraction, and 1.3% contraction of the first,
tween 1/16 and 3 monolayefIL) are presented. In Sec. Ill second, and third interlayer distance, respectively. The ex-
we describe our high-quality XPD measurements for low O pansion of the first interlayer distance compares well with
doses, and in Sec. IV our DFT results are used to interprghe experimentdl value of 1.7%, and with other GGA
the experimental XPD data. calculation$* The small contraction of the second spacing

disagrees with a small expansion predicted by experiment
and other calculations. Since the magnitude of this relaxation
IIl. THEORY is very small this discrepancy should not have any significant

The calculations are carried out using the plane-wav@ﬁeq on the results for O adsorption. The calculated work

density-functionabacaro codé” with the generalized gra- function is 3.72 eV for the relaxed surface and agrees well

dient approximatiofGGA) for the exchange-correlation en- With the experimental value 3.84 év.
ergy functionat® and with ultrasoft pseudopotentiflsto
represent the ionic cores. The clean (@@01) surface is A. Low coverages(©=0.5) of oxygen

modeled by periodic slabs consisting of six to seven magne- The |ocations of the possible on-surface and subsurface
sium layers separated by 21 A of vacuum. The plane-wavggsorption sites of M001) considered in our calculations
basis set with 25 Ry energy cutoff is used. This slab thickyre sketched in Fig. 1. The results for single or nearest-
ness, amount of vacuum, and the chosen energy cutoff Wassighbor pairs of O atoms adsorbed at the44 2x 2, and
shown to give well-converged binding-energy values. The Oy x> syrface cells were used as 1/16, 1/8, 1/4, and 1/2 ML
atoms are adsorbed on one side of the slab only and tr&verage data.

electric field arising due to the asymmetry of the system |, Fig. 2 we present the low-coverage binding energies

is compensated for by a consistent dipole .corre&?c?ﬁ. calculated relative to the energy of an isolated, spin-
A 4x4x1 mesh of Monkhorst-Pack speclapoints for the

4X 4 atom surface unit cell and a Fermi-surface smearing of 1 | 1

0.2 eV are applied to the Brillouin-zone integrations. For 4gl B2 i
smaller cells the number d€ points are increased accord- '

ingly up to a 16 16X 1 mesh for the X1 surface unit cell.
The positions of atoms in the three to four topmost magne-
sium layers, and of all the oxygen atoms, are fully optimized
until the sum of the Hellmann-Feynman forces on all uncon-
strained atoms converges to less than 0.05 eV/A. The forces
acting on the ions in the unit cell are derived from the con-
verged charge densities, and the atom dynamics is deter-
mined using a preconditioned quasi-Newton method based

+ Oxygen adsorption site

4.6

44F

Binding energy E, ,; (eV)

on the Broyden-Fletcher-Goldfarb-Shanno algoritfm. CoO 1ML
The calculated lattice constants for hcp Mg & o %ﬁ mt
=3.19 A andc/a=1.64, which agree very well with the Nl AE_AE] 1716 ML ]

experimental values 3.21 A and 1.62Ref. 23 and other
GGA calculationg? The bulk modulus, ignoring lattice vi- L L L '
; : ; . B2 A4 A5 Cl C3

brations, is found to be 34.1 GBain good agreement with
the measured value 35.5 GRabtained from the elastic con-  FIG. 2. The calculated low-coverage binding energies for differ-
stants of Ref. 26and with the GGA calculations of Ref. 24. ent adsorption sites as indicated in Fig. 1. For 1 ML coverage the

For the bare-metal surface the relaxations of the interlayeB? site is replaced by the slightly on-surface site B2top. For cov-
spacing with respect to the bulk spacing show 1.5% expanerages®<0.5 ML the only stable on-surface site@l.
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polarized Q molecule and the clean, relaxed Mg surface. TABLE I. The binding energjE,qsper O atom for a double-site
The convergence tests with respect to the size of unit cell anf °ccupancy of different chemisorption sitesee Fig. 1 and for
the number ok points show that the error bars for the bind- different surface unit cells. Two O atoms in the<4 and 2<2
ing energy do not exceed 10 meV. The positional changes o%urface unit cells correspond to the covera@es1/8 and 1/2, re-

the Mq at ind d by ad fi f . pectively. The exact vertical position of the sites B2 are distin-
€ Mg atoms induced by adsorplion of oxygen are in mosguished by “top” for a position(slightly) above the top Mg layer,

cases not very large. For the<2 supercell with a single O 304 “mix” for a position in which some of the top Mg atoms are
atom slightly below the surfacésite B2 in Fig. 2 or in  apove and some are below the oxygen atom, whereas B2 denotes
first-sublayer adsorption sitésites A4 or A5 the Mg atoms  adsorption below all atoms of the top-most Mg layer. All pairs of
move less than 3% vertically and 0.6% laterally from theirsites are nearest neighbors.

clean-surface positions. To estimate the sensitivity of the
binding energy to positional relaxations of the atoms we alsd&ites Eads (€V)
calculated the binding energy of an even distribution of four
O atoms in the tetrahedral subsurface sites B2 in tket4

1/8 ML coverage

3 . B2 and B2 4.58
system, and of one site-B2 atom in th& 2 system. The two B2 and C3 4.28
configurations(converged within the force requiremgeme- B2 and A4 455
lax to slightly different atomic positions which differ by g, 4 a5 454
5 meV. We therefore estimate the relaxation-imposed inaccqump and B2 451

racy of the binding energies to be approximately 5 meV.

o - 1/2 ML coverage
The calculated binding energidfig. 2) show that for

. . ) B2 and B2 4.64
single atom adsorption at coverag@ss<0.5 (corresponding  goix and C3 4.26
to a single O atom in theX44, 2X2, and 1x 2 surface unit g, i and A4 451
celly the only stable on-surface adsorption site is the fcegy 4ng a5 451

hollow denoted as C(Fig. 1), and the binding energy of this
site is significantly less than that of any of the subsurface

sites. We findho single-adsorbant energy minimum near the 3toms in the B2 sites are by 0.03—0.04 eV more favored
position where we would expect the other natural candidat@nan one atom in the B2 site and another one in either the A4
the on-surface B2top site. Instead, when relaxing dilute sysgr A5 site.

tems with O in the B2top sites the surrounding Mg atoms |n summary, we find the initial oxygen adsorption to be a
move laterally by a small amount, enough to let the O-atomsubsurface process. A previously suggested preferential ad-
sink into the subsurface B@etrahedral site. Only if a pair  sorption intoon-surfacesites for low O coverage$,as is the
of O atoms are adsorbed as nearest neighbors, or at increaseabe for, e.g., oxygen adsorption on(¥1),%° is not sup-

O loading ®=1), can one of the O atoms be stabilized onported by our results.

the surface in the B2top site. These results are in agreement

with the findings of Bungaret al® as to subsurface adsorp- B. Higher oxygen coveragg(1<@®=<3 ML)

tion sites being more favorable than on-surface ones, but

contradict their prediction of a stable on-surface B2top Sitetiorllzotrhi ZAnLefogt?éagrzé ﬁ%”sgiiﬁgg n?gg'){ :tlgg::-:ilisogﬁgﬁaés
for low coverages. However, for coveragés<1l their ' g g g

kenoint i limited to thE point onl (Fig. 2 and Table ). The B2-type sites become less favor-
-point sampling was limited to pont-only. able than the subsurface tetrahedral A4 site and the actual B2

. By exter_lsi_ve searches for subsurface adsorption sites &ite is shifted to the B2top position. However, allowing for
find that within the two top Mg layers the tetrahed(B2,  gimyitaneous occupancy of the B2 and B2top sites at 1 ML
A4, and A3 sites have higher binding energies than the ony, he 12 unit cell (Table 1) we find that this combined

surface C1 and the subsurface octahedral C3 site for all covs_gjte structure is by 0.06 eV more favored than the single
erages®=0.5 (compare Fig. 2 and Table.IThus, in the ag occupancy shown in Fig. 2.
oxidation process the first O atom adsorbs in a subsurface As more oxygen is adsorbed into the Mg surface the pos-
site of type B2, its binding energy being only 0.09 eV andsijble adsorbate configurations grow in number, partly due to
0.15 eV higher(Fig. 2) than that of O in subsurface site A4 simple combinatorics, and partly because new adsorption
and A5, respectively. The preference for the B2 site agreesites appear within an increasingly distorted Mg background
with the results of Ref. 16, but we find a binding energylattice. This is already apparent for nearest-neighbor adsorp-
0.15-0.47 eV larger at coverages 1HO=<1/2. tion in the low-coverage regiofTable |) where a slight ver-
We checked the possibility of forming ionic complexes tical distortion of the top Mg layer in some cases leads to
consisting of the Mg atoms of the topmost layer and subsuradsorption in the B2top site and in a “mixed” B2-B2top
face and on-surface oxygdwhich would represent a seed position. In Table Il we name the 1 ML configurations by the
for further oxide formatiojy by searching for the most pre- adsorbate position, but for higher coverages the notation is
ferred sites for an O atom additional to the one preadsorbetherely an approximate description of the structure, and we
in a B2 site. As is evident from Table I, even at very low refer the reader to Fig. 3 for a sketch of the multitude of
coverages, the addition of another O atom leads to an insimilar but not identical configurations at coverages 2-3
creased O population in the B2 sites. The timeighboring  ML’s.
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TABLE Il. The binding energyEqsper O atom, work function (:) S Bk B (:) 5 B B (Z) . (:) _— (i) 6o A s
changeA®, and the experimental XPD reliability factdyp in ;

different chemisorption sites for 1-3 ML oxygen coverage. For .% ;‘.‘ ® ;. .O .O .Q ® .Q .Q
calculations involving sites within the third Mg layer and below it Ce ®. e Q’ 0,4 Q. ‘ O ®. O’
(sites B7, B8, A10, and Allone extra layer of relaxed Mg atoms L0} o O O .ljfi'
was added to the slab, which then has totally 7 layers of Mg of Q 10 W ey ) . ‘@ o
which the four top-most layers are relaxed. This resulted in a small o . j ‘ . o . o o . @
increase of thé 4, of the order of 5 meV but has not changed the | . | ® o ® o . o o .
Orde”ng Of energles Of the Sltes Please refer to Flg 3 fOf our A4 + B7 (+ A10) A5+ B8 (+ A11) B2 + A5 (+ B8)  Rocksalt 2ML/3ML  Flat 2ML/3ML
naming of the 2-3 ML structures. ML 5.2V 5.07ev 5056V 4966V 4936V
3ML: 5.21eV 5.18 eV 5.17 eV 5.12eV 4.99 eV
Sites Eads Ao Rup Rwe FIG. 3. Schematic plot of the 2—3 ML structures, cut along the
v (ev) (14L  O7LD ABCAB line in Fig. 1, and their binding energies. Small gray
1 ML, nearest neighbors c?rcles are Mg atoms, large white circlgs are O _atoms. The dashed
B2 and A5 476 —0.64 0.41 0.30 circles |nd|cate. O atoms that are only |nclud.ed in the 3 ML struc-
B2mix and Ad 472 062 034 037 ture. The buckling of the Mg-O layers {@)—(c) is egaggerated. For
the rocksalt structure only the 3 ML structure is shown, and the
B2top and C3 455 -0.49 0.51 0.43

oxide structure is in brackets to indicate that the atoms are shifted

1 ML, one atom per unit cell out of the cut plane. The rocksalt structure has the atoms of the third

B2top and B2 490 —0.46 0.46 0.46 Mg layer, counted from the top, sitting on a bridge site of the fourth
A4 4.85 0.00 0.42 0.48 Mg layer. The structures are in order of decreasing binding energy
B2top 478 —0.99 0.44 0.46 Eads-
A5 4.74 0.11 0.53 0.42
c1 466 —0.12 0.44 0.46 above the top Mg layer, corresponding approximately to the
c3 4.56 0.62 0.56 0.51 position of site B2top in Fig. 1. Again, we findrig. 3) that

2 ML subsurface layered structures are preferred. It is evident that
Ad + B 512 —0.07 0.41 0.50 with increased O coverage, the difference in binding energies
A5 + B8 5.07 0.27 0.56 0.45 (Fig. 3 for the subsurface layered and rocksalt phases is
B2 + A 505 —0.03 0.44 0.33 diminishing, indicating that eventually, for still higher cover-
Rocksalt 2ML 196 0.72 054 0.45 age, the rocksalt structure may become the most favorable

one. Note that for several other configurations with 2 ML or

Flat 2ML 4'933 ML1.14 0.29 0.36 3 ML coverage of the te_trghedre_ll adsorption_ s:(neast listed
Ad + BT + ALD 522 0.04 0.45 0.50 in Table 1)) no energy minimum is found_. This includes any

' : ' ' flat subsurface structures, phases of mixed flat and buckled
A5 + B8 + All 5.18 0.09 053 0.43 layers, and mixed buckled-up and buckled-down layers. Fur-
B2 + A5 + B8 5.17 0.04 0.46 0.35

ther, we also tested structures that include an octahé&dgal
Rocksalt 3ML 5.12 0.78 0.55 0.50 C6,C9 site in the 2 ML and 3 ML coverage range, but found
Flat 3ML 49  -114 030 0.37 binding energies per atom at least 0.3—-0.4 eV smaller than
the energetically best structures at the same coverage, similar
to our low-coverage resuligig. 2).

The stable structures found in the 2 and 3 ML coverage Table Il only presents the energetically most favored
region (Table 1)) fall in two general classes: layered ones structures of all the configurations calculated by us. These
with O and Mg in buckled or flat layers of a hexagonal structures are close in binding energy and since in reality a
pattern [Fig. 3(@-3(c), and 3e)], and rocksalt structures system does not always find its minimum-energy configura-
[Fig. 3(d)] on top of clean magnesium, strained with respection, due to kinetics, barriers, etc., we also calculated the
to the clean-surface lattice constant. The layered structuresrresponding work function for comparison with experi-
can be described as a NO®0D surface with slightly ments (Table Il). Originally, an experimentally observed
changed atomic positions to accommodate O atoms withisharp work function decrease upon oxidation suggested the
the top Mg layers. Each of the layers has a honeycomb strugreference for subsurface adsorption at the (00@1)
ture with O at every second vertex and Mg at the remainingurface®  Previous local-density-approximation ~ DFT
vertices. The layers are stacked in an'Agiacking sequence, calculation$® have shown that only oxygen incorporation
with O on top of Mg atoms andice versaat a layer sepa- into B2 sites lowers the work function, and for 1 ML load
ration of approximately 2.3—2.7 A. The buckled structuresthis lowering was found to be 0.3 eV, which is much smaller
which involve subsurface oxygen only, are buckled up orthan measured experimentally. We do not find 1 ML adsorp-
down, depending on the oxygen atoms staggering over dion in the B2 sites, but by considering also the neighboring
below the Mg layer, respectively. The vertical separation ofB2top sites our result§Table 1) confirm the lowering of the
O and Mg within a buckled layefFig. 3@-3(c)] is  work function, although with a larger value. Keeping in mind
~0.6 A. The flat structurefFig. 3(e)] have vertical O-Mg that the oxygen atoms show a tendency of clustering, higher
separations of 0.01-0.06 A and do not exist as subsurfaceoverages than 1 ML should also be considered when com-
layers. In these phases the top-most oxygen atom sits slightlyaring to experimental measurements, even if the global cov-
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erage is small. We find from our calculations that in addition a)B2+AS5 b) Rocksalt 2 ML c) Flat 2 ML
to the 1 ML B2top structure, the flat 2 ML and 3 ML struc- q

tures also exhibit a work function change of abeut eV,
which agrees very well with the value found in recent > ° 2 ﬁo o o 0.40
o * - 0.05

measurement¥. Thus, the work function results and binding
energy calculations show that the flat 2 ML and 3 ML struc-

0.20

0.15

0001]
[}
[}

tures are the ones found in physical reality. 0.00

It is generally expected that an adlayer of negative O ionsg
will increase the metal-surface dipole layer and hence thes
work function. For example, this is clearly the case for oxy- |

-0.05

gen on the Al111) surface?® Our results suggest that on-
surface oxygen on the M@00) surface, either as 1 ML
B2top or as flat 2 ML or 3 ML structures, leads to a decrease — [0110]

in the work function consistent with experimental o

observationd? On the other hand, neither the 1 ML B2top FIG. 4. The electron charge redistribution due to the presence of
sites nor the flat 2 ML or 3 ML structures are the energeti-"¢ © atoms. Shown are the three 2 ML structures that have O
cally most favorable at the given coverages. Binding energftoms closest to the surface, cut in {#110] direction perpen-

considerations show the combined B2 and B2top structure tgicular (top panels and parallel to the surfactbottom panels
be more favorable at 1 ML, with a smaller work function Atomic positions are indicated by whit®) and black(Mg) dots.

The change in electron density distribution Asi(r)=nM39*9(r)
change, and subsurface structures to be more favorable at_}ang(r)_no(r) wheren"8+© is the electron density for the full

ML and 3 ML, with small negative or even slightly positive systemn™9 the electron density in the absence of O atoms, réhd

Wor_k .f“”C“O’? changes. In Ref. 16 it was suggested that %he atomic O charge density. A negative/posit\e corresponds to
sufficiently hlgh-_energy barrier for moving an O atom from a depletion/accumulation of electrofia units of e/A3).
the surface and into the subsurface sites might require the O

atoms to stay on the surface instead of adsorbing into thg(c)] shows most clearly a directional bonding, with more

energeti_cally more favqrable subsurface s_ites. We tested thjfharge redistribution along the in-plane nearest-neighbor
suggestion by calculating the energy barrier from the B2to

MMg-O lines than in other directions.

site to the A4 site at 1 ML coverage and found the barrier glsland formation It was shown previousfythat oxygen

height to bef0.35 eV per O atom. Tr}'s IS egoggh to Ere\l’enétoms adsorbed in the N@O0Y) surface form dense clusters

an O atom from moving to a more favored site at the low;, tetragonal subsurface sites. In the present investigation we

(zerg temperature of the DFT calculations but is not suffi- i, that the O atoms show a tendency for island formation

uer;t to keep the O atoms on surface at macroscopic imgy nairing up in combinations with subsurface sites. Figure 2

scales at room temperature. _ and Table | show that the higher the coverage, the larger the
At low coverage the only on-_surface sites are the.fcc ho"binding energy of the lower-lying sitdsites A4 and A% In

lows (C1), but also the lower-lying subsurface B2 sites are eneral, the binding energy is higher in more close-packed

exposhed to Ooatoms arriving at tr;]e surf?ce. Thﬁ’? v(\j/e ﬁoné‘; Systems, thus showing that clusters or islands of O atoms are
ture that an O-atom arriving at the surface will find the Preferred to isolated o pairs of O atoms.

site having a higher binding energy than the C1 site and will" 1,5 heference for subsurface island formation in tetrahe-
immediately diffuse to the former. The B2 sites are mosty..; a4 or lower sites agrees with theoretical
favorable up to 0.5 ML coveraggrig. 2. With growing O gy jations?16 A new feature not observed in Ref. 16 is the

coverage the energetic situation changes and the deeper {85,045 ance of the on-surface O islands for 1 ML coverage.
rahedral sites become more favorable. As we have seen, ths aiso note that the binding-energy differences for oxygen

energy barrier to overcome is not enough at room tempera—

P, . n different sites are relatively small f@=1. The tendenc
ture to stop the diffusion of O atoms into the surface, an y y

. . ~ 1o form islands continues with further increase of coverage,
thus_ energy arguments predict sybsurface adsorpthn. Itis owing some quenching in the binding energy at 3 ML
to discussion why the work func.t|on change caIcuIa_1t|ons, an overage, in agreement with Ref. 4.
to some extent our XPD experiments presented in Sec. Il
favor the metastable on-surface occupatiatith additional
O atoms in subsurface sitesiowever, both our energy con- Ill. EXPERIMENTS

siderations, our work function calculations, and as shown T, supplement the DFT calculations and to provide a ref-
later our XPD experiments very clearly exclude any possigrence ground we have also carried out XPD measurements

bility of a rocksalt surface structure and point to layeredgs ihe clean M@0001) surface and after low dosing of oxy-
structures at 2—3 ML coverage.

Figure 4 displays an interesting comparison of the elecgen
tron charge redistribution for three of the 2 ML structures.
Whereas the rocksalt structuréig. 4(b)] has an almost iso-
tropic charge distribution around each atom, as is typical for XPD has been chosen because of its chemical sensitivity
ionic binding, the two layered structures show a more comand its sensitivity to local real space order. It is a powerful
plicated, anisotropic picture. The flat layered strucfiffig.  technique for surface structural investigatidhsnd it has

A. Method
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been shown that full-hemispherical XPD patterns provide
very direct information about the near-surface structure. At
photoelectron kinetic energies above about 500 eV, the
strongly anisotropic scattering by the ion cores leads to a
forward focusing of the electron flux along the emitter-
scatterer axis. The photoelectron angular distribution, there-
fore, is to a first approximation a forward-projected image of
the atomic structure around the photoemitters. Analysis of
the symmetry and positions of forward-focusing maxima
thus permits a very straightforward structural interpretation
of XPD data. Furthermore, detailed structural parameters can 2 XPD experiment: 0.15L O, b) XPD experiment: 9.7 L O,
be determined by comparing the experimental XPD patterns
to calculated ones. The relatively simple and efficient single-
scattering clustetSSQO formalisnt™ has proven adequate in
most cases. The agreement between SSC calculations an
experimental XPD pattern can be quantified using a reliabil-
ity factor such as th& factor Ry, defined previously=2

The experiments have been performed in the University
of Fribourg’s VG ESCALAB MK Il spectrometer modified
for motorized sequential angle-scanning data acquisition.
Clean Md0002)) surfaces have been prepared by cycles of

sputtering(500 eV Ar+) and annealing (130 °C). Before,O c) SSC calculation: MgO(111) d) SSC calculation: Flat 2 ML
exposure, the surface displayed a sharpx () LEED pat-
tern with little background. After § exposure with the FIG. 5. Experimental O 4 XPD patterns after exposures of the

sample held at room temperature, the coverage was detéylg(000)) surface to(@) 0.15 L and(b) 9.7 L of oxygen.(c) SSC

mined from the relative intensities of the G And Mg 2 calculation for the Mg@L11) rocksalt structure(d) SSC calculation

photoe]ectron peaksl Experimenta| o XPD patterns were for the 2 ML Iayered oxide structuréFIat 2 ML” ) yleldlng best

obtained after exposure of the K0§01) surface to 0.15, 0.7, agreement with the experimental 1.4 L XPD pattern.

1.4, and 9.7 L of Q, corresponding tglobal O coverages of

0.1, 0.4, 1, and 1.7 ML, respectively. In other words, both the LEED and XPD measurements
indicate that locally the geometry is the same irrespective of
the global coveragéat least below 1.7 ML Already at 0.1

B. Oxygen adsorbed at Mg0001) ML global coverage this local structure thus contains at least

The Mg0001 surface with various coverages of oxygen + ML 0xygen, and with increasing coverage it will grow in
atoms was studied with LEED and XPD. Experimental wxppdomain size without S|gr_1|f.|cant changes in geometrlcal struc-
patterns for @ doses of 0.15 and 9.7 L are shown in Fig. g ture. Therefore, determlnlng the I_ocal geometrlcal structure
The most prominent feature of the 0.15 L pattern is a strondgt 1 ML local coverage will determine the geometries even at
intensity maximum at normal emission. This observation is 1€ lowest global coverages accessible to the experiments.
clear and direct evidence for O adsorption below the topmost In the further analy_5|s We compare simulated SSC diffrac-
Mg layer: Only an atom located directly above the oxygenton pattern to experimental XPD images of the (W01
photoelectron emitter can give rise to a forward-focusingsurface both with dosing 1.4 (approx. 1 ML global cover-
maximum at normal emission, i.e., in the center of the plot. A299 and 9.7 L (1.7 ML global coverage
further conclusion can immediately be drawn from the evo-
lution of the XPD pattern with @exposure. Apart from dif-
ferences due to counting statistics, the experimental XPD
patterns are strikingly similar, not only regarding the inten-
sity maximum at normal emission but regarding all the
prominent diffraction features. It must therefore be con- The O/Mg000]) system does not simply form a
cluded that the local atomic geometry is the same over th&lgO(111) rocksalt structure as is clearly seen by comparing
entire exposure range. a simulated diffraction pattern for Mg@11) [Fig. 5(c)] to

The same conclusion is obtained from the evolution of thehe experimental 9.7 L XPD pattern shown in Figb)s The
LEED pattern with increasing £Oexposure: The LEED pat- simulation does not reproduce any of the diffraction features
tern stays (X 1), and only the background rises slightly, satisfactorily. Therefore, the most relevant atomic structures,
which indicates an increasing amount of disorder with in-as determined by the DFT calculations, were used to simu-
creasing coverage. Since no superstructures are observed, tate XPD patterns by means of SSC calculations. The result-
presence of any other islands than islands of (3 period- ing SSC calculations were compared to the experimental 1.4
icity that are larger than about 50-100 A can therefore bé. and 9.7 L XPD patterns, the latter of which is shown in
excluded. Fig. 5b).

IV. COMPARISON BETWEEN EXPERIMENT AND
THEORY
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None of the SSC calculations for an oxygen atom in anobserved surface is patched. For small surface oxide patches
isolated site gave satisfactory agreement with experimentf 2 ML's (or more local oxygen coverage the strain can get
The calculations, however, confirm the conclusion drawnreleased over most of the island and thus, experimentally,
from the experimental patterns that one oxygen atom is adnostly the flat structure is seen at low dosing. This gives a
sorbed directly below a Mg atom: Only the simulations forlow Ryp value for the flat structure, but still keeps the order
oxygen in the A4 and A5 sites exhibit the characteristic in-Of the buckled and rocksalt structure found in DFT calcula-
tensity maximum at normal emission that is seen in experitions: buckled is also at 1.4 L more favored experimentally
ment[Figs. 5a) and §b)]. The fact that the experimental than rocksalt. Thus, the _relevant dosilagnong the mea_sured
XPD patterns do not agree with simulated diffraction©nes to use for comparing DFT and the XPD experimental
patterns of disperse, low local coverages even for low overstructures is 9.7 L. This structure probably does not fully
all coverage in the experiment is consistent with the LEEDCOVer the surfacgif clusters are at least 2 ML densebut
measurements discussed above, indicating again that ti§€rtainly does so to a larger extent than for dosing 1.4 L. At
oxygen will form island with a local coverage of 1 ML or dosing 9.7 L the DFT calculations and the XPD experiment
more. Accordingly, further SSC calculations concentratecfgree on the buckled surface. _
on the atomic positions obtained from DFT calculations Based on both the calculated and experimental structures
using a 1x 1 surface cell. discussed a_bove we conclude that at relatively low dosage

Among the simulated diffraction patterns for 1 ML local (corresponding to 2—3 ML coverag®/Mg(000)) forms the
coverage again only the site A4 and the site A5 SSC calculayered oxide structure. Thg rocksalt s_tructure typical of
lations exhibit a central maximum. In contrast, the SSC calMgO starts to grow only at higher O dosing.
culations for each of the C3, B2top, and C1 siiesving all
other sites empdydo not show such maximum. This means
that the comparison between SSC calculations and experi- V. SUMMARY AND CONCLUSIONS
me_ntal XPD patterns d|squa||f|e_s the site BZtop-onIy OCCU- " \we have performed extended first-principles calculations
pation at 1 ML local coverage, in agreement with the theo-

. T ) of oxygen adsorption and of the initial stages of (001
retical binding energy being smaller for B2top than for A4 at yyidation. A variety of configurations and a wide range of
1 ML coverage. Along with the binding energy obtained

f he DET calculati h . he XPD coverages were considered in order to determine the most
rom the calculations the comparison to the Palstaple structures. These were compared with x-ray photoelec-
terns also rules out octahedral subsurfésitee C3 occupa-

tion tron diffraction experiment and simulations. At low cover-

c v, SSC calculati | ¢ dqf ages @=<0.5 ML) both our DFT calculations and experi-
onsequently, calculations were also performed T, ot show that oxygen adsorbs in subsurface sites. Our DFT

thg atchm,\i/chposcijtign'\s;lfbtained frorln [_)nglcalllcuIations Con.Sid'calculations show that the first O atom chemisorbed in the
fhr'ng ML 261‘\;I]L d Sc'\(;leelragel. n fable S;Vg s_umrln?nze oxidation process binds in a subsurface tetrahedral site of the
€ : » an ocal coverage SIMUIALIONS g5 tvne. At higher coverage O adsorbed in subsurface tetra-

[or)(_a to three O'atoms per K1) cell] by listing their reli- hedral sites shows a tendency to form subsurface islands,
ability factors with respect to the 1.4 L and 9.7 L exposure, sulting in an increased binding energy. For the 2 8L

XPlD ldata' I?est agrel_ertr;_?ntsf between preJ'P"enrt] alnd SSML) coverages we find some rather unanticipated surface
calculations(lowest reliability factorsare found for the lay-  yige structures, consisting of twihree mixed oxygen-

ered struciures “BZmlx an”d ’/'.\4 and *B2 ?nd AS at 1ML magnesium layers on top of an almost undistorted00§1)

local coverage, “Flat 2 N‘[L [Fig. S(d)] and“ B2 + AS"at 2 surface. These layered oxide structures have hexagonal sym-
ML local coverage, and "Flat 3 ML" and *B2+ AS + B8 . metry and can be flat or buckled. We find that the rocksalt
for 3 ML local coverage. These results are consistent with,, | 5re can be excluded at 2—3 ML coverage, both by bind-
the work function changes discussed above. ing energy arguments and by comparison to our XPD experi-

3 I\-/I”L]e general trend is that thl? rqcﬁsrﬁlt structg(ﬁéML elm;(jPD ments. However, our DFT results also show that the rocksalt
) %.nﬁt a?ree vﬂe;ry we P:N't the exper:cmr:antla q structure may become energetically competitive at an in-
patterns(high values ofRy;p), whereas some of the layere creased coverage.

structures agree better. In particular we notice that among the
2 ML structures the flat structur@Flat 2 ML” ) has the best
agreement with the 1.4 L experiment, whereas one of the
buckled layer structure§B2 + A5") fits best to the 9.7 L
experiment. This indicates that as the global coverage is in- This work was supported in part by the Swedish Founda-
creased by higher ©dosing, more of the surface becomestion for Strategic ResearchSSH, the Swedish Research
covered with buckled Mg and O layers and less with the flatCouncil (VR), The Swedish Foundation for International Co-
surface. operation in Research and Higher Educati®TINT), the

For the 1.4 L dosing experiment the flat surface is fa-Carl Tryggers Foundation, and the Polish State Committee
vored, in disagreement with the DFT binding energy resultsfor Scientific ResearckKBN), Project No. 5 PO3B 066 21.
but in agreement with the calculated work function changeR.F. would like to thank P. Aebi for continuous support and
1.4 L dosing corresponds to 1 ML of global coverage, but help with the XPD experiments. The allocation of computer
since the distribution of oxygen is nonuniform due to thetime at the UNICC facility at Chalmers and @borg Uni-
tendency of the atoms to form islands the experimentallyersity is gratefully acknowledged.
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