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Submonolayer structures of MgO epitaxially deposited on Ags001d have been simulated theoretically in
order to gain information on the mode of growth. The model adopted consists in a thin silver slab covered on
both sides by MgO “polymers”snarrow ribbons monoatomic in heightd sufficiently distant to prevent interac-
tions among them. Anab initio DFT periodic technique has been adopted, whose adequacy has previously been
checked for the case of perfect complete MgO/Ag overlayers. Two orientations of the polymers have been
considered, corresponding to two modes of growth experimentally observed: a nonpolars NPd and a polarsPd
one, the latter being limited at the two borders by rows of bicoordinated O and Mg ions. We have considered
both the case where the polymers sitsare “supported”d on the flat metal surface, and where they are “embed-
ded” in grooves at the surface. The results of the simulationssequilibrium geometries, electronic structure and
energy datad can be summarized as follows:sid Interaction with the metal substrate enormously contributes to
reducing the instability of the polar border; nevertheless, both for islands supported or embedded at the silver
surface, the role of the metal is not sufficient to stabilize theP- with respect to theNP orientation.sii d Steps
or vacancy depressions at Ags001d with edges oriented along the silverk110l symmetry direction are consid-
erably favoredsby almost 25% per unit lengthd over thek100l oriented edges in agreement with observations;
the preexistence of the former type of steps may favor kinetically the nucleation ofP-oriented islands leaning
against them.siii d The formation of islands embedded in the metal is in all cases thermodynamically favored
with respect to supported ones; this means that, in favorable conditions, the growing oxide film might displace
silver atoms and penetrate to some extent in the metal.sivd The electronic and electrostatic features at polar
borders suggest that they could be characterized by very high chemical activity.
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I. INTRODUCTION

Thin epitaxial oxide films on metal substratesf1–10
monolayerssML dg have received considerable attention in
recent years, because of their prospective technological im-
portancesfor instance, in the fields of electronics and cataly-
sisd and for their relevance in the understanding of the metal-
oxide interface.1–3 In particular, the MgO/Ags001d system
has been the object of a number of studies4–13due to the very
simple structure of the oxide and the moderate lattice mis-
match between MgOslattice constant 4.21 Åd and the Ag
substrateslattice constant 4.09 Åd. Combined experimental
techniquessSTM, EXAFS, PDMEEd and computational ap-
proaches have been employed to investigate the electronic
structure and morphology of this metal-oxide interface.14,15

Accurate estimates of relevant geometrical parameters ob-
tained by experimental techniques andab initio calculations
have resulted in excellent agreement.14–17 With reference to
an idealized model of a perfect interface, both PDMEE and
theory indicate that the oxide grows forming epilayers with
oxygen on-top of silver atoms; the interface distance
fdAg-MgO=2.51 and 2.55 Å from EXAFSsRef. 18d and ab
initio methods,14 respectivelyg shows a tetragonal strain due
to the constraints of perfect epitaxy. With respect to the un-
supported film, the computed electronic structure of the ox-
ide reveals only moderate variations confined in a strict vi-
cinity of the interface. The latter findings seem in contrast,
however, with other experimental observations. A consider-

able enhancement of the chemical reactivity of the supported
film has been in fact observed,19,20 together with other evi-
dence of a modified electronic structure, such as the shift of
the oxygen core levels or the appearance of electron states
close to the Fermi level.9 Since the perfect epilayer cannot
account for these observations,14 the reason for such behav-
ior could tentatively be attributed to some residual defectiv-
ity of the thin film. An accurate analysis of the early stages of
the film growth, namely at a nominal deposition of less than
1 ML, can provide new insight in this respect: the intrinsic
defectivity of the submonolayer could both give rise to pe-
culiar electron properties and reactivity and drive the mor-
phology and amount of structural defects in thicker films.

STM experiments have given very useful indications on
the film morphology.12,13 Before the MgO deposition, the
Ags001d surface exhibits large terraces separated by mono-
atomic steps with the edge oriented along the Agk100l sym-
metry direction and mean separation of more than 100 nm.
Upon a nominal deposition of 0.25 ML of MgO, STM im-
ages reveal a complex change in the morphology of the
metal substrate: a limited number of flat extended islands are
detected on the terraces, both of a “protruding” and of a
“vacancy” type, while a large number of small islands appear
on the substrate surface and on top of the large islands.13 The
small islands are composed of MgO, while the larger struc-
tures are identified as Ag islands that have formed on the
original metal surface. The MgO structures are mainly
monoatomic in height but a limited amount of bilayers and
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trilayers has been detected at 0.75 ML MgO deposition and
becomes significant at 1 ML deposition. At 1 ML nominal
deposition the substrate fractional coverage is about 85%
with the formation of flat square MgO domains of about 10
nm in width with edges mainly oriented along the oxide
k110l symmetry direction. For definiteness, and to avoid con-
fusion, this will be called theP orientation,P standing for
polar ssee belowd. A relevant number of three-dimensional
s3Dd pyramidal MgO islands is present, their edges being
againP oriented.13 The P orientation is also the prevailing
one in submonolayer islands of NiO/Ags001d.21 In the MgO
case, theP or NP orientation seems to be related to the
specific conditions in which the experiments are run: other
laboratories report STM images which show MgO islands
mainly NPoriented, that is, along thek100l oxide symmetry
direction12 sNP standing for nonpolard. In any event, the pos-
sible formation ofP-oriented MgO islands is surprising. Bi-
coordinated ions of just one species would be found at their
borderssO on one side, Mg on the opposited, so they would
be characterized by a high transverse dipolar moment which
is expected to destabilize the structure. This problem has
some analogy with that of polar surfaces, which are well
known to undergo reconstruction in order to reduce their
electrostatic instability.22,23 On the other hand, the presence
of the metal substrate could play an important role in favor-
ing such an unexpected orientation. Low coordination border
ions could give rise to special electronic features and to en-
hanced chemical reactivity.

These questions have been addressed in this work. Quan-
tum chemical calculations and periodic models have been
employed to analyze the early stages of the growth of the
MgO monolayer in order to better understand the morphol-
ogy and electronic structure of the growing film, and the
role—if any—of the metal substrate in driving this process.
A preliminary and partial account of the present results has
been provided in a parallel paper, along with the critical pre-
sentation of the experimental STM evidence.24

II. METHOD AND MODELS

MgO “polymers” are employed here as a crude model of
MgO islands growing at the silver surface. As shown in Fig.
1, they are arranged to form ordered arrays at the Ag slab,
which allows us to adopt a two-dimensional supercellsSCd
technique. Polar and nonpolar borders have been modeled by
polymersP or NP oriented, respectively. The thickness of
the polymers has been limited to a single layer, while two
possibilities were considered for their width, resulting in
P1,P2, NP1, NP2 structures. The polymers are either epi-
taxially adsorbed above the Ag surfaces“supported” orS
modelsd or “embedded” in grooves at the slab surfacesE
modelsd. The SCs adopted are shown in Fig. 1; in all cases,
the same pattern is assumed to exist on both sides of the slab.
The selected elementary cell, comprising four Ag atoms per
layer inside the slab, despite its moderate size, has been
tested to be large enough to avoid significant interaction be-
tween adjacent polymers. The interaction energy between
unsupported polymers placed at the same distance as when
supported or embedded is actually negligible for nonpolar

systems and less than 0.2 eV for the polar case. Because of
the stabilizing effect of the metal substrate, these small inter-
actions are expected to become even less relevant when the
polymers are supported. For theS models, the metal support
is simulated by a three-layer slab exposing thes001d face,
corresponding to twosS-P1,S-NP1d or four sS-P2,S-NP2d
MgO units and 12 Ag atoms per SC. In theE models, there
are two additional Ag atoms per SC in each of the two sur-
face layers, which makes a total of 16 Ag atoms per SC. The
central slab layer is a reflection plane in all cases.

Calculations have been performed using the CRYSTAL

code25 in the frame of density functional theorysDFTd. The
PWGGAsRef. 26d exchange-correlation functional has been
used, which was found to satisfactorily reproduce the bulk
properties of both the metal and the oxide. The basis set
adopted consists of all-electron 8-61G and 8-51G functions
for Mg and O, respectively; for silver, a small-core pseudo-
potential was used, while for the outer electrons a variation-
ally optimized set was adopted comprising 4,4,2 contracted

FIG. 1. sColor onlined Schematic top view of the structures con-
sidered. The large white circles are Ag atoms in the surface plane
sPd of the three-layer slab; the grey circles are Ag atoms atopP,
which are present only in the case of the “embedded” E models for
the nonpolarsNP: top graphd and polarsP: bottom graphd supported
polymers. TheP2 andNP2 polymers are shown in the graphs, with
the magnesiumsMd and oxygensOd ions at their unrelaxed posi-
tions. The unit supercellsSCd is represented by the dashed rect-
angle; l is the length per unit SC of the polymer border. In the
bottom plot,A−−−A8 and B−−−B8 are the intersection with the
surface of the maps of Fig. 3; numbers 1 to 6 identify symmetry
independent Ag atoms in theP plane and in the rows above it. For
the one-row polymers the SC is the same as in the case depicted
here but the polymer has half that width. In theE-P1 case, two
possibilities are treated according to whether Mg or O ions are close
to the border of the groovesE-P1Mg or E-P1O, respectivelyd. The
crystallographic directions are indicated in the scheme at the center
of the graph.
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Gaussian type functionssGTFd of type s,p, and d, respec-
tively. Other details are reported in previous work.14,16 Ge-
ometry optimizations have been carried out using the proce-
dure recently implemented in CRYSTAL. However, at present,
only numerical gradients are available for conductors: this
restriction has placed serious limitations to the number of
degrees of freedom that are allowed to relax, and only the
coordinates of O and Mg ions have been optimized. Energy
data reported in this work are not corrected for the basis set
superposition error.27 However, this error has been estimated
to be of the same entitys0.3–0.4 eV per MgO unitd for all
systems and therefore should not affect energy differences
and comparative stabilities. Kohn-Sham eigenvalues corre-
sponding to oxygen 1s core levels have been considered in
order to gain information on the electronic structure at the
interface. Their use as a measure of the core level binding
energy is not fully justified in DFT, but is validated by
experience.28

III. RESULTS AND DISCUSSION

A. Characterization of supported and embedded polymers

We shall first discuss the results for the supported and
embeddedP2 andNP2 structures. Figures 2 and 3 provide a
schematic representation of their equilibrium configuration,
while Table I collects pertinent geometrical and electron
structure data. In the following discussion, we take as a ref-
erence the perfect epitaxial MgO monolayer ons001d silver
sbriefly, 1 MLd; all data for this structure are from Table 2 of
Ref. 14scolumn PWGGA, Rumplingd.

S-NP2 strongly resembles 1 ML; O ions are almost per-
fectly on top of silver atoms, while Mg ions undergo consid-
erable rumplings0.21 Å; 0.16 in 1MLd in order to reduce the
surface dipolar moment. In fact, the presence of the over-
layer causes a moderate polarization of the surface: owing to
a Mulliken analysis, about 0.17 electrons flow from the poly-
mer to the metal per each surface silver atoms0.20 in 1 MLd.
Due to the reduced coordination in the polymer, O is signifi-
cantly less ionic than in the complete overlayerfqsOd
=−1.50a.u., −1.77 in 1 MLg; as a consequence, the interac-
tion with the metal substrate suffers less from Pauli repulsion
between metal atoms and ad-anions, and the oxide can ap-
proach closer the metal surfacefzsOd=2.40 Å; 2.55 in 1

ML g. Correspondingly, the adhesion energy between the
metal and the oxide polymer is about twice as high
s1.31 eV/MgO; 0.65 in 1 MLd. The same polymer embedded
in a silver groovesmodel E-NP2 of Figs. 1 and 2d does
not present important differences in the structural param-
eters. Note only that the oxygen ions are significantly farther
from the Ag atoms beneathfzsOd=2.62 Åg probably due
to the interaction with the silver atoms at their same level.
The overall effect is an increased adhesion energy
s1.74 eV/MgOd.

We turn now to discussing the results for the polar poly-
mers smodelsS-P2 and E-P2d. In analogy with polar sur-
faces on a metal support, where the high electron mobility in
the metal can favor the charge reorganization of the
adlayer,29 we can expect the same mechanism to act here to
reduce the electrostatic instability of the polar border. Charge
redistribution is made evident by difference density maps,
such as reported in Fig. 4 concerningE-P2. They are ob-
tained by plotting the difference between the electron density
of the interacting system in its equilibrium configuration, and
the superposition of the densities of the two moietiessP2
polymer and grooved silver slabd calculated independently

FIG. 2. Prospective views ofP2 andNP2 MgO polymers sup-
ported and embedded at the Ags001d surface in their equilibrium
configuration. White spheres, O; gray spheres, Ag; black spheres,
Mg.

FIG. 3. Vertical view of the equilibrium configurations of O
swhited and Mg sblackd ions for the different cases, as indicated.
The sections of polar polymers are along theB—B8 line of Fig. 1,
and contain the surface Ag atomss1 to 4d and the O ions; the Mg
ions behindswith white stripesd, and atoms Ag5 and Ag6 sdashed
contoursd in the case ofE-P2, are also shown. The dashed horizon-
tal line is 2.05 Å above the surface, corresponding to the interlayer
distance in silver.
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but at the same geometry. The depletion of an electron
charge at the negative border of the polymer is evident from
these maps and from the Mulliken population data of Table I,
and concerns both the border oxygenfqsObd=−1.37a.u.g
and the silver atoms facing itfqsAg5d= +0.28a.u.g. Elec-
trons flow to a tubular region of almost uniform negative
charge around the positive border, both in front of the Mg
ions fqsAg6d=−0.32a.u.g and beneathfqsAg3d=−0.35a.u.;
qsAg4d=−0.40a.u.g. Since these important charge displace-
ments take place approximately parallel to the surface, the
increase in the value of the Fermi level is not as large as for
theS cases. The stabilization provided by this kind of image
charge is enormous, as indicated by the adhesion energies
sDEad=−6.51 and −7.07 eV/MgO for theS-P2 and E-P2

systems, respectivelyd; see Table I. The difference in stability
between the polar and nonpolar structures is remarkably re-
duced, from 5.61 eV/MgO for the unsupported polymers to
0.41 and 0.28 eV/MgO for supported and embedded poly-
mers, respectively. At variance withNP polymers, the equi-
librium geometry of the polar structures is very different
from that of the ideal monolayer,14 as is apparent from Figs.
2 and 3 and Table I. The effect is more spectacular in the
S-P2 case. Due to the attraction between the two borders, the
film is squeezed by 0.70 Å, and is tilted towards its positive
end. Mgb ions approach as much as possible the closest sur-
face atomsAg4d, without getting too far from the nearby
oxygens: their distance from Ag4 decreases from 2.98 Å, as
in S-NP2, to 2.62 Å; correspondingly, the Mulliken charge
on Ag4 becomes as large as −0.65 a.u. All other ions in the
polymer follow the displacement of Mgb, in a sense. At the
opposite border, Ob can go very close to Ag2, due to its
decreased ionicityfqsObd=−1.38a.u.g. In E-P2, the relax-
ation of Mgb is less important because two silver atoms are
involved, Ag4 and Ag6, the latter at about the same height; at
equilibrium, the distance of Mgb from both of them is
2.78 Å.

The analysis of the electronic structure of the systems
considered here can provide some clue for interpreting the
experimental findings concerning MgO/Ag ultrathin films.
Altieri et al.13 extensively investigated the electronic struc-
ture of such films at a nominal deposition ofø1 ML, and
reported noticeable changes with respect to the unsupported
oxide. Using ultraviolet and x-ray photoelectron spec-
troscopiessUPS and XPSd, they observed an appreciable
density of states with large oxygen character around and
above the Fermi level characterizing the oxide-metal inter-
face. Using XPS and Auger electron spectroscopy they also
found a surprisingly high chemical activity of the supported

TABLE I. Main features of the model systems sketched in Fig.
1. z sthe height above the slab surfaced, Dx sion displacement par-
allel to the surface and perpendicular to the polymer, in the O
→Mg directiond, d sselected O-Ag distancesd in Å; q sMulliken net
charged in a.u.; BEsOlsd soxygen core level binding energyd, and
d«F sshift of the Fermi level with respect to the isolated metal slabd
in eV; DEad sadhesion energyd and DEstab sstabilization energyd in
eV per MgO unit. For theP2 polymers, border and nonborder ions
are identified by subscriptsb andc, respectively. The numbering of
silver atoms is as in Fig. 1.

S-NP2 S-P2 E-NP2 E-P2

z;DxsObd 2.385;0.037 1.890;0.96 2.619;0.079 2.401;0.43

z;DxsOcd 2.621;0.69 2.527;0.38

z;DxsMgcd 2.423;0.57 2.462;0.25

z;DxsMgbd 2.174;0.0 1.852;0.26 2.148;0.0 1.954;0.12

dsOb-Ag5d 2.207 2.402

dsOb-Ag2d 2.405 2.118 2.621 2.439

qsObd −1.50 −1.38 −1.46 −1.37

qsOcd −1.66 −1.63

qsMgbd 1.85 1.85 1.85 1.87

qsMgcd 1.83 1.83

qsAg1d −0.22 −0.04 −0.12 0.00

qsAg2d −0.17 0.30 −0.16 0.06

qsAg3d −0.17 −0.32 −0.16 −0.35

qsAg4d −0.22 −0.65 −0.12 −0.40

qsAg5d −0.13 0.28

qsAg6d −0.13 −0.32

d«F 1.20 1.32 1.28 0.62

BEsOb,lsd 507.7 506.9 508.6 508.0

BEsOc,lsd 508.3 509.1

DEad
a −1.31 −6.51 −1.74 −7.07

DEstab
b 1.24 1.65 0.81 1.09

aComputed with respect the isolated moieties:DEad

=(Espolymerd / fAgs001dg−hEfAgs001dg+Espolymerdj) /n. All ener-
gies are referred to the same SC, andn is the number of MgO units
in the SC.
bComputed with respect the supported MgO monolayer:DEstab

=hEspolymerd / fAgs001dg—nE0j /n, where E0 is the energysper
MgO unitd of the supported monolayer andn is the number of MgO
units in the SC.

FIG. 4. Density difference maps for the systemE-P2 selectron
density of the interacting system in its equilibrium configuration,
minus the superposition of the densities ofP2 polymer and grooved
silver slab calculated independently but at the same geometryd. The
maps are in a plane normal to the metal surface; their traces in the
surface plane are shown in Fig. 1:A—A8 stop paneld; B—B8 sbot-
tom paneld. Continuous and dashed lines refer to the positive and
negative density difference, respectively. The contour lines are
drawn at intervals of 0.01ueu /bohr3.
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film towards H2O dissociative chemisorption. They argued
that this peculiarity was determined by the fact that oxygen
derived states moved from the high-binding-energy scale in
unsupported MgO to lower energy at the interface. As stated
in the Introduction, these kinds of features were not observed
in calculations concerning perfect overlayers.14 The pro-
jected densities of statessPDOSd in the vicinity of the Fermi
level, reported in Fig. 5, show that the situation can be radi-
cally different when polar borders are considered. In both the
S-P2 andE-P2 cases states are present close to the Fermi
level, mainly associated with border oxygens, but with a
non-negligible participation of surface Ag atoms. These
states are indicative of a higher reactivity of bicoordinated O
atoms at polar borders.

The enhanced chemical reactivity of the MgO submono-
layer can also be related to the presence of unusually high
electrostatic fields at the border of the growing film. The role
of the electrostatic potentialsEPd generated by a surface site
in adsorbing, activating and splitting the bonds of polar and
nonpolar molecules has been recently discussed.30 EP maps
for the supported and embedded 2-row polymers are col-
lected in Fig. 6 and compared with the MgOs001d surface.
Embedded polymers show only a moderate increase of the
EP values mostly localized at the Mg border ions. On the
contrary the supported polymerssboth nonpolar and polar
casesd reveal an extraordinary increase of the values of the
EP at their border. The hypothesis that border ions are re-

sponsible for the observed reactivity of growing oxide over-
layers at very low coverages has been recently formulated by
Rocca and co-workers.19,20The fact that O 1s core level BEs
are spread out in a range of 2 eVssee Table Id must be
attributed to the different EP the anions experience from sur-
rounding ions; due to lower coordination, the shift of border
ions is towards lower binding energies. This feature cannot
be related to the experimental observation by Altieriet al.9 of
the appearance of a second component in the O 1s peak
observed in aged samples, shifted towardshigher binding
energies by 2.3 eV. That peak must be a consequence of
some chemical reaction, most probably with residual water
in the vacuum chamber, but these kinds of reactions are not
considered in the present work.

B. Models for the growth of MgO islands

The present results can be used to discuss the mode of
growth of MgO films in the sub-monolayer region. Let us
introduce the notion of “energy cost per unit border length”
sEBd, which measures the difference in energy between an
island of oxide at the surface and that of a portion of an
infinite ordered overlayer containing the same number of
units, divided by the length of the border of the island. EB
makes sense if the energetic effects due to the formation of
the border are limited to its strict vicinity, which seems to be
the case in the present instance, as shown below. For a gen-
eral shape of the island, EB will correspond to some average
value, depending on the orientation of the borders. Here we
are interested in comparing EB referring to islands of rect-
angular shapea3b, either NP- or P-oriented, in order to

FIG. 5. Atom-projected density of the statessPDOSd of the vari-
ous model polymers close to the Fermi energy, as indicated. For
comparison, the results for the perfect epitaxial monolayer are re-
ported. Ag indicates the average atom in the surface layer. The
partition of densities among different atoms is according to a Mul-
liken population analysis.

FIG. 6. Electrostatic potential maps. The maps are drawn in a
plane normal to the surface and along thek100l oxide symmetry
directions. MgO surfacestop left paneld; MgO monolayer supported
at the Ags001d surfacestop rightd; S-P2 modelsmiddle left paneld;
S-NP2 modelsmiddle right paneld; E-P2 modelsbottom left paneld;
E-NP2 model sbottom right paneld. Continuous and dashed lines
refer to positive and negative values, respectively. The contour lines
are drawn at intervals of 0.01 a.u.s1 a.u.=27.21 Vd.
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establish, for a given area, which one is energetically fa-
vored. There are two types ofNP border considered here:
s10dS,s10dE, the former referring to an island on top of the
s001d surface, the latter to a border that leans against a step at
the silver surface, of heighta/2 sa being the silver lattice
parameterd and infinite length, and with the same orientation.
For P borders the possibilities are four:s11dSO,s11dSM ,
s11dEO,s11dEM; the meaning is the same as for the other
orientation, the subscript O or M specifying whether the bor-
der is oxygen or magnesium terminated. With reference to
the quantityDEstab introduced and reported in Table I, an
estimate of EB is obtained as follows:

e8 =
nDEstab

2l
,

n being again the number of MgO units per SC, and 2l the
total length of the border per SCssee Fig. 1d. The present
calculations allow us to obtain formation energies per unit
wire length. These are reported in Table II as indicative of
the actuale8 values, under the assumption previously made
about the confinement of energetic effects to the strict vicin-
ity of the border. In theNP cases considered, the two borders
are equivalent, while for theP onese8 must be considered as
an average of two EB’s, as indicated. These data lend them-
selves to some comments. First of all, the cost per unit of
length to create a border is far from negligible as it ranges
from 0.20 to 0.57 eV/Å; whatever the kind of termination,
the edge of an island is much less stable than its inner por-
tion, which can be considered as part of the ideal adsorbed
monolayer. Therefore, islands grow so as to reduce the
amount of border exposed and realize indeed square or
pseudo-square form. In the second place, the data appear
consistent among themselves, in the sense that one can ob-
tain reasonable estimates of EB for the different kinds of
polar bordersfin eV/Å: <0.57 for s11dSO and s11dSM,
<0.39 for s11dEM and<0.36 for s11dEOg so as to obtain by
combination the calculated values ofe8. Note incidentally
that the difference between thee8 estimates obtained from

theS-P1 andS-P2 calculations, may be attributed to the fact
that in the former case the attraction between the two polar
borders contributes to stabilizing the structure, so the other
result seems a better estimate. Third, thee8 values for sup-
ported polar borders are about twice those for nonpolar ones:
for an island growing regularly on a perfect Ag surface, the
NP-orientation should be by far thermodynamically favored
over the other. The difference between the two orientations is
considerably reduced in absolute values when “embedded”
borders are considered, but the ratio is still quite high
s<1.5d. These computational results, however, have to be
taken with some caution, due to the limitations of the model
adopted, especially as concerns the incomplete geometrical
optimizationssee Sect. IId. Allowing silver atoms at the bor-
der to optimize their position might lead to larger energetic
advantages forP than NP systems, because of the stronger
electrostatic field at the former ones. Due to the small differ-
ence in energy between the two orientationssa few tenths of
eV per silver atom at the borderd, this could be sufficient to
invert the order of stabilities.

Another aspect must be considered that is, the preexis-
tence of defects at the surface. The energy of formation per
unit length of a step at the silver surfacese8sd can be esti-
mated in an analogous way as fore8, by comparing the en-
ergy of grooved with respect to flat silver slabs. As expected,
and in agreement with the data from STM images, silver
steps with edges oriented along thek110l direction are fa-
vored over thek100l one se8s=0.05 and 0.07 eV/Å, respec-
tivelyd. These morphological defects are anchoring points for
the nucleation of MgO moieties: for geometrical reasons and
in the absence of other effectsslike metal diffusiond only
polar borders should match thek100l stepped edges. Leaning
against the metal steps, the nucleation ofP-oriented islands
is considerably energetically favored over the growth of such
an island directly on the terraces, far from pre-existing sur-
face defects scompare e8=0.43−0.46 eV/Å and e8
=0.57 eV/Å forE-P1 andS-P islands, respectively, in Table
II d. The nucleation ofP-oriented islands might indeed be
kinetically favored because of a larger sticking probability at
these sites and therefore they could grow in competition with
S-NP islands growing directly on the terraces.

Finally, another scenario is conceivable. Steps and va-
cancy depressions may not preexist to the MgO deposition
sat least not all of themd but are created as the oxide grows.
The energy released when MgO monomers form, bind to-
gether and stick to the surface, more than compensates for
the energy required to displace silver atoms and corrugate
the surface. However, the lower cost to create a metal step
oriented along thek110l symmetry direction can only par-
tially compensate for the lower stability of polar borders and
the resultinge8* for E-P islands is still almost twice as large
as the corresponding value for bothE-NP andS-NP islands.
In any case, the growth of MgO islands embedded in the
metal is thermodynamically favored over the growth of sup-
ported islandsscomparee8 values forS-P systems withe8*

of E-P cases in Table IId. Therefore the oxide might grow by
displacing the metal and stabilizing at the positions previ-
ously occupied by the metal atoms. However, the activation
energy for such a process to happen is not known. The limi-

TABLE II. Values of e8 senergy cost per unit border lengthd as
resulting from the present calculations. For the definition ofe8 and
the identification of the different types of border, see the text. In the
case of polymers at grooved slabs,e8* =e8+ fe8s, e8s being the cost
of formation of the groove per unit length, andf =1/2 or f =1
according to whether just one border of the polymer or both are of
the “embedded”sEd type.

Type of border e8seV/Åd e8*seV/Åd Calculation

s10d S 0.30 S-NP1

s10d S 0.30 S-NP2

s10d E 0.20 0.27 E-NP2

s11d 1/2sSO+SMd 0.54 S-P1

s11d 1/2sSO+SMd 0.57 S-P2

s11d 1/2sEO+SMd 0.43 0.45 E-P1O

s11d 1/2sSO+EMd 0.46 0.48 E-P1M

s11d 1/2sEO+EMd 0.38 0.42 E-P2
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tations of the present models, first of all the incomplete ge-
ometry optimization, does not allow us to make more defi-
nite statements about this aspect.

IV. CONCLUSIONS

In this work we have studied the dependence on the mor-
phology of the electronic structure and energetic properties
of a submonolayer of MgO deposited at the Ags001d surface.
We have adopted periodic models andab initio DFT calcu-
lations employing a gradient corrected functional. In spite of
the crudeness of the models adopted, and of the limitations
of the calculationssespecially as far as geometry optimiza-
tions are concernedd, some tentative conclusions can be pro-
posed. Notice, however, that all the following considerations
are very relevant in the early stages of oxide growth, but they
become less important as the film approaches the complete
coverage of the metal surface.

sid P-oriented MgO islands, that is with borders along the
k110l oxide direction, result in a high dipole moment across
them, with a destabilizing effect. Interaction with the metal
substrate provides a way to redistribute and to screen the
electron charge and enormously contributes to reducing the
instability of the polar borderscompareDEad and DEstab in
Table I. Nevertheless, in both the cases of islands supported
at the silver surface, or embedded, the role of the metal is not
sufficient to stabilize theP orientation with respect to theNP
snonpolard one, or to make them of comparable stability.
This seems in contrast with the fact that, depending on the
experimental conditions, the MgO islands which characterize
the morphology of a sub-monolayer areP or NP oriented.
From the literature data it is not clear which are the experi-
mental conditions that should favor the formation of either
kind of border.

sii d The creation of steps or vacancy depressions on the
metal with edges oriented along the silverk110l symmetry
direction is considerably favoredsalmost by 25% per unit
lengthd over thek100l oriented edges in agreement with ob-
servations. The edges of such steps provide preferential an-
choring points for the nucleation and growth of MgO aggre-
gates. In fact the adhesion energy of the MgO aggregates to
the metal surface remarkably increases when the oxide is
embedded in the metal, Table I. When the steps are preexist-

ing to the nucleation and growth of the oxide, their presence
could drive the creation ofP-oriented MgO islands, the only
compatible withk110l oriented edges of the silver steps.

siii d The nucleation and growth of the oxide embedded in
the metal are thermodynamically favoredssee Table IId: in
fact, the adhesion energy between the oxide and the silver
substrate more than compensates for the cost to create the
metal steps or/and the metal vacancy islands. Nevertheless,
which kind of growth can actually occur depends on the
kinetic conditions that determine the degree of mobility of
the silver atoms. When the conditions of the preparation of
the metal substrate, temperature and velocity of deposition of
the oxide on the metal surface can favor diffusion of Ag
atoms, then the MgO islands may grow by displacing the
metal. In this case, the oxide islands would be mainly em-
bedded in the silver upper layers or located near silver steps
of the upper terrace.

sivd The MgO islands, because of their intrinsic defectiv-
ity due to the presence of the border, are probably character-
ized, with respect to the perfect monolayer, by an enhanced
chemical activity towards the dissociative chemisorption of
small molecules. As suggested by the inspection of EP maps
sFig. 6d and of PDOS datasFig. 5d, this should happen
mainly with P-oriented borders.

The presented results have to be considered with the
awareness of the limitations of the model adopted, especially
as concerns the incomplete geometrical optimizationssee
Sec. IId. The relaxation of the silver atoms in response to the
interfacial stress and to the charge transfer between the sub-
strate and the oxide island may noticeably affect the stability
of the surface structure. In particular, allowing silver atoms
at the border to optimize their position might lead to larger
energetic advantages forP thanNP systems, because of the
stronger electrostatic field at the former ones. Work is in
progress to address this aspect.
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