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MgO/metal interfaces at low coverage: An order N, semiempirical Hartree-Fock simulation
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Thanks to the implementation of an order-N semiempirical Hartree-Fock method, which at the same time is
accurate enough to allow a determination of electronic and structural properties of complex insulating systems
with atoms in a wide range of environments, and is fast enough to tackle large size systems and repeated
calculations, generic properties of monolayer and bilayer MgO square islands, deposited on a weakly interact-
ing metal substrate, are studied. The presence of interfacial dislocations is evidenced, and their periodicity

related to the two-dimensional lattice parameter of the unsupported islands. Two size regimes are identified: a
small size regime, with no dislocations present (nanometric or subnanometric regime), in which edge effects
play a prominent role and the island properties are driven by the small average coordination number of the
atoms. At larger sizes, the properties present an oscillating behavior as a function of size, associated with the
periodicity of interfacial dislocations. As regards electronic properties, their inhomogeneity inside the islands is

expected to yield specific site reactivity or inhomogeneous surface potentials. Most stable islands are identified
and their (magic) sizes have been related to the dislocation network periodicity, in agreement with existing

experimental results for MgO on Ag(100) and Mo(100).
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I. INTRODUCTION

With the acceleration of device miniaturization, and the
advances in synthesis and self-organization, it has become
crucial to get a detailed understanding of the mechanisms
which drive the formation of nano-objects. This is especially
true for iono-covalent compounds such as oxides, which
have been the subject of less studies than metals or semicon-
ductors, despite the wide range of their potential applica-
tions, from optics to catalysis, spin electronics, etc.

In the last decade, efforts have concentrated on the fabri-
cation of ultrathin oxide layers deposited on metal
substrates.!™ It has been recognized that, in most cases, their
properties largely differ from their bulk analogs, and may be
tuned as a function of orientation, thickness, support charac-
teristics, and stoichiometry. In addition, lateral confinement
gives additional degrees of freedom for engineering artificial
objects. Their interaction with a substrate raises questions
related to epitaxial growth, formation of Moiré patterns,
presence of interfacial dislocations, and elastic relaxation at
the interfaces.®’ These effects are usually described within
the framework of the elastic theory®~'% or using very simpli-
fied models such as the Frenkel-Kontorova model.''~'* How-
ever, the elastic approach is not well suited to nano-objects,
since it neglects the discrete nature of the atomic structure. In
this respect, atomistic simulations are a precious tool to
complement it and enrich our understanding. The Frenkel-
Kontorova model, on the other hand, was very useful in pre-
dicting, for example, the existence of solitonic solutions in a
part of the interaction-misfit phase diagram. However, the
underlying energetic model is oversimplified, with respect to
what would be needed to describe complex systems such as
oxide/metal interfaces and finite size effects are not easily
handled.
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However, if more realistic quantum simulations are man-
datory, which has long been recognized to be the case for
low-dimensional oxides,'>!¢ the size of the simulated sys-
tems is strongly limited by the (usually) cubic scaling that
most quantum codes display as a function of the number of
atoms. Indeed, due to this limitation, in the physics of ultra-
thin oxide films, most simulations performed until now have
assumed that the films adopt a perfect pseudomorphy with
the substrate,'” which is far from being the general case. To
overcome the scaling problem, various approaches have been
proposed, called “order-N” methods.'®2* They rely on the
idea that, in a given system, local properties can be com-
puted from the knowledge of the electronic states just in the
vicinity of the atoms under consideration. This idea has been
conceptualized within the principle of “nearsightedness.”*
Some order-N methods are based on an orbital formulation
of the electronic properties and others on the calculation of
the Green’s function or density matrix. We have adopted the
latter and transformed the semiempirical Hartree-Fock type
code that we used in the past,” so that it scales linearly with
the size of the system. Such type of approach has mainly
been used in the past for the description of large size organic
or biological systems. Here it allows us to perform simula-
tions necessary to tackle the complexity of the epitaxy of
nano-oxides on metal surfaces, which is presently beyond the
capabilities of full ab initio methods and has never been
achieved, to our knowledge, at such level of quantum de-
scription.

In the present study, we simulate medium size systems,
consisting in MgO islands of a few thousand atoms, depos-
ited on a metallic substrate. Such nano-objects have been the
subject of recent experimental works.”®=32 As a function of
island size, we will discuss how the substrate influences their
structural and electronic properties, and in particular the for-
mation of interfacial dislocations. In relation with finite size
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effects, we will consider the existence of magic islands,
which present an enhanced stability. It is beyond the scope of
this study to look in detail at equilibrium or growth shapes,
which will be the subject of a forthcoming paper.’> Never-
theless, considering that very few, if any, realistic simula-
tions of oxide nano-objects on metal substrates have been
performed until now, the limited scope of the present paper,
which is to describe a generic case revealing the important
parameters driving the characteristics of a complex interface,
is already an advance with respect to existing works.

The paper is organized as follows: in Sec. II we recall the
foundations of the semiempirical Hartree-Fock method, we
show how linear scaling is obtained, we describe the meth-
odology to obtain the parameter values necessary to its
implementation in the case of MgO and the potential energy
surface (PES) method used to account for the interaction
with the substrate. In Sec. III, we analyze the structural and
electronic properties of square MgO islands deposited on a
metal substrate. Section IV is devoted to a discussion of our
results in relation to recent experiments.

II. METHOD

After a short summary of the semiempirical Hartree-Fock
formalism (Sec. II A), the principles of its transformation
into an order-N method are described (Sec. II B), together
with its performance as regards CPU time and memory (Sec.
III C). Considering a simple oxide as MgO, we show how
such a code, with parameters fitted to experimental data and
ab initio calculations, can satisfactorily account for structural
and energetic properties in a wide range of local environ-
ments (atomic coordination and geometry) (Sec. II D). Fi-
nally, in Sec. I E, we describe the implementation of a po-
tential energy surface, which is used to represent the
interaction of MgO islands with a metal substrate, in the
limit of weak metal-oxide interaction.

A. Semiempirical Hartree-Fock method

The method relies on an effective restricted Hartree-Fock
(RHF) variational method, in the Born-Oppenheimer ap-
proximation, in which the ground-state N-body electronic
wave function is taken as a Slater determinant built from
one-electron wave functions. The latter are expanded on an
orthogonal atomic orbital minimal basis set |A,a) (a the
atomic orbital on atom A). In the spirit of the INDO
method,* only certain Fock matrix elements are kept: the
overlap matrix, which is assumed to be unity, the diagonal
and nondiagonal intra-atomic Coulomb and exchange terms
Zaanps the two-center nondiagonal Coulomb terms g,p (as-
sumed independent of the orbitals involved), and finally the
interatomic resonance integrals B4,5, (one-electron intersite
nondiagonal Fock terms). The general form of the Fock ma-
trix elements as a function of the density matrix p is thus the
following:

1
0 0
Frara= €aa+ (”A - EpAaAa)gAA + Ec;&A (nc=nc)gac

Fpoan=— EpAaAthA:
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Faapp = Baasb- (1)

In Egs. (1), EX . 1s the one-electron diagonal Fock term, ny, is
the intra-atomic trace of the density matrix, and ng is the
number of valence electrons of the neutral A atom (opposite
to its core charge). The last term in the expression of Fj 4, is
the electrostatic potential due to the surrounding charges
(Madelung potential in periodic systems).

Solving the Fock equations in a self-consistent manner
with respect to the density matrix gives the electronic energy

E,({R}) function of the instantaneous position {R;} of the
ions. To obtain the total energy, a first-neighbor repulsion
term E,,, has to be added,

Is Cas

= q .
2oz 1YY

2)

rep

Its dependence upon the interatomic distances r;; is driven by
the exponent g;;, which depends upon the type of ion pair
under consideration. Forces on atoms are estimated thanks to
the Helmann-Feynman theorem and ground-state structure
may thus be determined by usual static or dynamic methods.
Past studies have shown that such method is able to qualita-
tively and often quantitatively correctly account for elec-
tronic degrees of freedom in simple oxides and @ transition
metal oxides.>>3

B. Order N implementation

The most time consuming part of the electronic structure
calculation is the diagonalization of the Fock operator, which
roughly scales as N* (N being the number of valence elec-
trons in the system), and which has to be repeatedly per-
formed until self-consistency is achieved. In order to trans-
form the N? scaling into a linear scaling, we have adopted a
“divide and conquer” strategy first introduced by Yang3® for
Kohn-Sham Hamiltonians and then generalized to Hartree-
Fock and semiempirical calculations.’”-3® Thanks to the re-
placement of a large M X M matrix diagonalization (M being
proportional to the size of the system) by a sequence of di-
agonalizations of smaller (n X n) matrices, the computational
cost grows as M X n® and linear scaling is achieved.

More specifically, the system is divided into overlapping
clusters centered on each atom, which allow up to m electron
hoppings (effective m neighboring shells). We construct and
diagonalize the Fock matrix for each of these clusters and
retain the local density of states (LDOS) on the central atoms
only. The sum of the LDOS gives the total density of states,
from which the Fermi level position is deduced, as well as
the density matrix which is then used for the next self-
consistency step.

The precision of the method is dependent upon the size m
of the local clusters and increases with m. It can be shown
that the LDOS calculated in that way have exact m first
moments, as in recursion methods in which the continuous
fractions which represents the diagonal elements of the
Green’s operator are truncated at the mth level.!>3° The size
of the clusters must always remain larger than the extension
of one-electron wave functions. It is thus a method of choice
for insulating systems, such as the low-dimensional oxides
under consideration in the present study.

155409-2



MgO/metal INTERFACES AT LOW COVERAGE: AN...

100 - 1

50 1

execution time (min/iter)
[
o
T

L L L
100000 200000 300000 400000 500000

T

RAM (GB

L L L
200000 300000 400000

number of atoms

h
0 100000 500000

FIG. 1. Top panel: CPU time required for one iteration of elec-
tronic structure calculation, for MgO monolayer islands of increas-
ing number of atoms: dots and squares correspond to the linear
scaling implementation with local clusters containing m=1 and m
=2 neighboring shells, respectively; in the inserts, results for the
full diagonalization of the Fock operator. Note the different x axis
scale. Lower panel: similar curves for the RAM.

C. CPU and memory performances

We have checked the computational performances of the
method by recording the RAM and CPU time necessary for
one iteration of electronic structure calculation of MgO
monolayer islands of increasing sizes, on a scalar machine,
with a single AMD Opteron processor.

The results are shown in Fig. 1. Indeed, both CPU and
required RAM no longer grow as N°. At the largest sizes, the
scaling is not exactly linear, because of the electrostatic po-
tential calculation which scales as N?. This N? scaling could
be improved, by using techniques such as the continuous fast
multipole method;*° the present work did not require it, due
to the limited size of considered systems.

The gain of CPU time and memory is enormous: for an
island of 100 000 atoms, 5-10 min per iteration (m=1 or 2
shells) and 4 Gigabytes RAM are necessary, to be compared
to (extrapolated values) 100,000 years per iteration and 7
Terabytes RAM when full diagonalization is performed. In
addition, we note that independent diagonalizations of M(n
X n) matrices are suited for parallelization, a further increase
of speed which is presently under development in our code.

D. Parametrization and fit quality

A part of the advantage of the semiempirical Hartree-Fock
method lies in the fact that the two-center Fock matrix ele-
ments are not calculated by space integration of the Coulomb
operator 1/|7—r'|. Rather, the g4,z Coulomb terms in Eq.
(1) are parameterized. While intra-atomic g,,4, terms are
taken as constant atomic characteristics, the interatomic g,z
terms are approximated using the Ohno-Kloppman formula*!
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1
84B= 57— (3)
v rf‘ s+ D?
in order to take into account the finite extension of the ionic
charge distribution, in an effective way. The resonance inte-
grals B4,z are the product of the Slater-Koster coefficients*?

S(uig, Maasy)—Function of the unit vector ujp which links

the two atoms and of elementary overlap parameters 7,—by
a distance dependence term that we take as an inverse power
law,

Baanr = M (4)

i
for first-neighbor hopping or as an exponential term for hop-
ping between second neighbor O-O atoms,

Baasy = J(Uig Maapp)eXP(= Pagrap) (5)

In the case of MgO, keeping 2s and 2p orbitals for oxy-
gen and 3s and 3p orbitals for magnesium, the total number
of parameters required for the total energy calculations
amounts to 22. Relying on knowledge gained in the past,>>*
those 22 parameters are reduced to 10 by considering: (i) that
the e? and € for each atom conserve a constant difference;
(ii) that the ratio between the 7,; may be considered as con-
stant (77,5: 75y Mppor: Mppr=1:~1:~1.4:0.4); and (iii) that all
Zaqap Values are equal (U, values in the following) whatever
a and b (CNDO approximation). In addition, the value of D
in Eq. (3) is chosen such that the limit ryz—0 of g4p be
equal to 10 eV.

In order to determine the values of these ten parameters,
we fit a number of calculated observables to either experi-
mental values or density-functional theory (DFT) ab initio
results. Compared to an ab initio Hartree-Fock method, this
step introduces effective values for the parameters (in par-
ticular, screened U values), allowing a better account of
structural and electronic properties (e.g., bulk gap values
closer to experiments). Since we wish the parametrization to
account for a large range of geometries, with atoms display-
ing coordination numbers Z from 1 (the molecule) to 6 (rock-
salt bulk), whether in periodic or nonperiodic arrangements,
we consider the MgO molecule (Z=1), several small clus-
ters: square Mg,0, and hexagon Mg;05 (Z=2), cube Mg,0,
(Z=3), unsupported two-dimensional layers of (111) (Z=3)
or (100) (Z=4) orientations, and bulks in the zinc-blende
(Z=4), h-BN (Z=5), and rock-salt (Z=6) structures. The ab
initio results have been obtained using density-functional
theory at the PW-91 gradient-corrected level,** as imple-
mented in the Vienna ab initio simulation package code,® in
which the interaction with core electrons is treated within the
projected augmented wave method.*¢

The fitted parameters are reported in Table I and fit results
are shown in Fig. 2. In principle, the parameter values de-
pend upon the number of shells (m value) kept in the linear
scaling algorithm. However, in the case of MgO, the varia-
tions are so weak that they can be neglected. It is found that
the RHF method allows a fair account of the evolution of the
important structural and energetic properties with the local
environment of the atoms, as required for studies of complex
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TABLE 1. Values of the RHF parameters obtained from the fit-
ting procedure. € and U in eV; 7 in eV X A? for first neighbors and
in eV for second neighbors; p in A~! for 0-0, C in eV X A4,

Atoms Eg eg U
Oxygen -40.4 -24.8 20.1
Magnesium -5.0 15.1 3.9
BAaBb Mss P

O-Mg —-0.641 1.55

0-0 -14.84 1.59

repulsion C q

O-Mg 75.34 6.3

systems. The transferability of the parameters is checked by
comparing DFT and RHF results for unsupported periodic
MgO (100) multilayers, shown in Fig. 3, which were not
used in the fitting procedure. The evolution of lattice param-
eter and elastic property is very accurately reproduced,
which is essential for the study described below.

E. Weak interaction with a metal substrate: PES approach

The principle of construction of the PES that we use to
describe the interaction between the MgO islands and the
substrate is reminiscent of the procedure used for the reverse
system (metal on MgO substrate);** however the compound
nature of MgO requires to modify it substantially.

The interaction is described as a sum of contributions
from all atoms in the island. Each contribution depends on
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FIG. 2. Comparison between MgO properties calculated with
DFT method (black dots) and RHF method with m=2 (squares),
using the parameter values reported in Table I: Top panel: second
derivative of the energy with respect to bond length; Middle panel:
Mg-O bond length d; Lower panel: formation energy E.,;, (with
respect to neutral atoms). The systems under consideration are in-
dicated in the lower panel (see text). Experimental results (stars) for
MgO bulk and molecule are taken from Refs. 47 and 48.
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FIG. 3. Comparison between DFT (black dots) and RHF
(squares) results, using the parameter values reported in Table I, for
the description of unsupported infinite rocksalt (100) MgO layers of
increasing thicknesses: Top panel: second derivative of the energy
with respect to bond length; Middle panel: Mg-O bond length;
Lower panel: formation energy Ep,, (with respect to neutral
atoms).

the type at of atom involved [af;=anion (A) or cation (C)]
and on its horizontal (x; and y;) and vertical (z;) position
above the substrate

N
Esub - 2 Ef’i;(xi,yi,zl‘) . (6)
i=1

For the metal substrate of square symmetry, we retain
only the first terms in the Fourier expansion of the interac-
tion potential [a the substrate two-dimensional (2D) lattice
constant],

+d"’(z)|:cos<w> +COS<M)]. (7)

a

For a given value of z and a given atom type at, the b*(z),
¢"(z), and d“(z) functions may be obtained, by linear com-
bination, from the knowledge of interactions of atoms lo-
cated at (lateral) high symmetry points with respect to the
substrate: on-top (T), bridge (B), and hollow (H). At these
high symmetry points, where the number of first-neighbor
substrate atoms is well-defined (Ny=1, 2, and 4, respectively
for X=T, B, H), the three functions Ef(z), E(z), and E};(z)
are assumed to obey the same Morse-like law

EX — NX)\l[e—Z)\Z(r—)\3) _ 26—)\20’—)\3)] , (8)

where r stands for the distance to the Ny first-neighbor sub-
strate atoms (function of z and of the registry X).

In order to determine the coefficients \; for each type of
atoms, three sets of independent periodic ab initio calcula-
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FIG. 4. Dependence of the separation energy of an MgO mono-
layer deposited on Ag(001) on the interface separation. Three reg-
istries are considered: oxygen on-top (dots); oxygen on-bridge (dia-
monds) and oxygens in hollow sites (squares). The symbols display
the results of ab initio calculations and the lines the PES fit with
parameters given in the text.

tions of MgO layers deposited on the substrate, with a con-
strained pseudomorphy but otherwise full atomic relaxation,
are performed, corresponding to three different registries
compatible with the (001) island structure: in the first one,
anions are on-top substrate atoms and cations in hollow sites
El(z)=E¢(z)+Ef,(z); in the second, anions and cations are in
bridge sites: E,(z) =E/§(z) +Eg(z); in the third one, anions are
in hollow sites and cations on-top: E3(z):E2(z)+Eg(z).
Dense scan in z is performed numerically to increase the fit
quality.

The whole PES is thus fitted with only six parameters
(three for each type of atoms). Figure 4 shows the quality of
the fit attainable in the case of MgO monolayers on Ag(001),
at the Ag equilibrium lateral lattice parameter, with the fol-
lowing set of parameters: \;=0.136 eV, 2331 A~
2.464 A for oxygen and \;=0.042 eV, 1.589 A~!, 3383 A
for magnesium (i=1 to 3). The equilibrium interface distance
of 2.60 A for O-top registry, is in agreement with previous
calculations made with the same method,?” and is slightly
larger than experimental estimations.?”-? We note that such
formulation of PES enables an efficient determination of E**’
for any low-symmetry position of atoms, without additional
hypothesis on the number of nearest neighbors. It is reminis-
cent of the interaction present in the Frenkel-Kontorova
model, but it additionally includes a z dependence (allowing
tilt and rumpling) and can be used for compound islands
(with two or more types of atoms). On the other hand, charge
transfer and other quantum interactions between islands and
substrate’®3! are not included in the PES description.

III. PROPERTIES OF MGO SQUARE ISLANDS
ON A METAL SUBSTRATE

We have applied the above methodology to the simulation
of model square MgO islands deposited on a metallic sub-
strate, in the limit of a weak interaction represented by a
PES. In the present study, we focus on structural and elec-
tronic characteristics induced by the substrate, leaving the
question of its influence on the island shape to a future work.
For this reason, a simple square shape is chosen. We discuss
the structural (Sec. IIT A) and electronic (Sec. III B) proper-
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FIG. 5. (Color online) Top left panel: Structure of an MgO(100)
island of 1600 atoms deposited on a metal substrate. Gray, red
(dark), and yellow (light) dots represent substrate, oxygen and mag-
nesium atoms, respectively. Top right panel: color representation of
the mean Mg-O distance (dyj.0) around each atom. Larger to
smaller (dy,.0) from red to green (from dark to light gray). Lower
panel: vertical position profiles along the island diagonal.

ties of large monolayer and bilayer islands of fixed size, and,
in Sec. III C, we analyze how these properties evolve as a
function of size.

A. Structural properties of monolayer and bilayer islands

In the following, we discuss the structure of MgO mono-
layer (I ML) and bilayer (2 ML) square islands made of
1600 and 3200 atoms, respectively, deposited on a generic
metal substrate with a lattice parameter equal to a=3.2 A,
and an interaction strength equal to twice that with the Ag
substrate. Aside from the square geometry constraint, full
optimization of all structural degrees of freedom is per-
formed until forces are less than 107 eV/A.

A typical 1 ML MgO island structure is shown in Fig. 5
(top left panel). The island edges are nonpolar with alternat-
ing oxygen and magnesium atoms. Rows of a single type of
ions run parallel to the dense atomic rows of the substrate
surface [x (horizontal) and y (vertical) axes]. A Moiré pattern
is evidenced with zones of coincidence and anticoincidence.
It is due to the misfit between the MgO layer and the sub-
strate lattice parameters, the former being smaller than the
latter. The island edges remain quasilinear, although some-
what distorted and some rounding occurs at the corners. This
latter feature is also found in unsupported islands.

Local distortions of the MgO lattice occur upon deposi-
tion. They are evidenced in Figs. 5 and 6 for 1 ML and 2 ML
islands, respectively. The maps display the mean Mg-O bond
length around each atom, in a color scale. It shows that bond
expansion takes place in the coincidence zones (in particular
at the island center where an oxygen atom is located on-top
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FIG. 6. (Color online) Top panel: Color representation of the
mean Mg-O distance (dyi,.0) around each atom in a 3200-atom
MgO bilayer (left: surface layer; right: interfacial layer). Same col-
ors as in Fig. 5. Lower panel: vertical displacement profiles along
the x axis. Black dots: interface atoms; open dots: surface atoms

a substrate atom) while bond contraction occurs in the anti-
coincidence zones, where Mg atoms are located on-top sub-
strate atoms. The modulation is smaller at the surface of the
2 ML island than in the interfacial layer, consistently with
the fact that the forces exerted by the substrate are smaller.
The lower panel of Fig. 5 shows that, additionally, the layers
are tilted in the dislocated zones. The tilt angle is of the order
of 2° and 1° in monolayer and bilayers, respectively. Some
rumpling also occurs in the anticoincidence zones.

The in-plane atom positions x,, display three main fea-
tures: (i) a periodicity associated to a mean lattice parameter,
a=rya, different from the substrate lattice parameter a, (ii) a
periodic modulation, and (iii) additional displacements &x,
close to the edges,

x,=nya+aasin 27n(l — y) + dx,, (9)

with n the atom index (n=0 at the island center). Figure 7
shows how the analysis of this quantity proceeds for the 1
ML island. In the top panel, x,/a—n is plotted as a function
of n. If the island lattice were in pseudomorphy with the
substrate (y=1), this quantity would be zero. In the 1 ML
island, a quasilinear slope is found, which corresponds to y
=~ .875. It allows to identify a commensurability locking at a
value close to y=7/8. The sinusoidal modulation, shown in
Fig. 7 middle panel, is characterized by a periodicity n=8§,
consistent with the vy value and with the local periodic dis-
tortions displayed in Fig. 5. It can easily be understood from
the consideration of the local forces exerted by the substrate.
In the central part of the island (see Fig. 7 middle panel), the
modulation reproduces that found in an infinite 1| ML MgO
film deposited on the metal substrate with the same commen-
surability locking, obtained in a periodic calculation. The
edge contribution dx,, is localized on the four to five atoms
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FIG. 7. (Color online) Analysis of the atom positions along the
x axis in a 1600 atom 1 ML MgO island as a function of the atom
index n. Top panel: x,/a—n; Middle panel x,/a—7n/8; black and
red (gray) dots represent this quantity for the island and for the
infinite monolayer with the same commensurability locking, respec-
tively; open sysmbols are for an unsupported 1600-atom island.
Lower panel: x,/a—19n/21 for the 2 ML island; full and empty
symbols for the interface and surface atoms, respectively

from the island edges. It corresponds to a lattice contraction
around undercoordinated atoms. It is more localized than in
unsupported islands where the penetration length is of the
order of ten interatomic distances (Fig. 7 middle panel).

In the 2 ML MgO island, the position analysis proceeds in
a similar way (Fig. 7 lower panel). Both for atoms at the
interface with the substrate and at the island surface, the
slope of x,/a—n and the sinusoid period are consistent with
v=0.905, a value close to 19/21. The a coefficient in front of
the sine function in Eq. (9) is larger for interface than for
surface atoms.

The dislocation network lattice parameter A may be in-
ferred from the (a—a) misfit between the substrate and the
deposited island. Recalling the notation a=7ya, it reads

Y
A_(l—y)a'

This estimation yields A=22.3 A for 1 ML and A=30.5 A
for 2 ML, in perfect agreement with calculated values.

(10)

B. Electronic properties of monolayer and bilayer islands

The advantage of the RHF quantum mechanical treatment
lies in the fact that it yields at the same time structural and
electronic information.
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FIG. 8. Local electronic property profiles along the x axis for an
1600 atom MgO monolayer island: Top panel: charges Q (absolute
values); Middle panel: electrostatic potential V on oxygen atoms;
Lower panel: difference in effective level positions on neighboring
cation and anion 6F=Fyjgamgs—Fop.op., (see text). Empty and black
symbols are for unsupported and supported islands, respectively

As a function of the atom index n, Fig. 8 represents the
, local electrostatic potential (in
absolute value) V, and difference in effective level positions
on neighboring cation and anion OF=Fygaes—F 0p.0p,»
along the x axis for the 1 ML island (N=1600 atoms). The
latter quantity is indicative of the gap value G, but since it
neglects band width effects, it usually overestimates G. Only
its size variations will be discussed in the following. Aside
from edge effects, all electronic quantities present a flat pro-
file in unsupported islands, while they are modulated, albeit
weakly for some of them, in supported islands, with a peri-
odicity consistent with the structural effects discussed above.
As already pointed out in Sec. III A, bonds are elongated in
the coincidence zones, due to the smaller lattice parameter of
the MgO islands, compared to the substrate. Their maxima
are associated to minima (in absolute value) of the electro-
static potential, to maxima of charges and to minima of SF.
These findings may be easily rationalized in the following
way: far from the edges, in the coincidence zones, atoms are
further apart and they exert a smaller electrostatic potential
on each other. This trend, found on oxygen atoms, is less
obvious on magnesium atoms, but the overall effect on SF
turns out to be driven by the oxygens. Aside from Madelung
potential effects, the modulation of SF contains a contribu-
tion from intra-atomic electron-electron repulsion which op-
poses the Madelung variation. This partial cancelation is well
known when one considers the intra-atomic and interatomic
electrostatic contributions to the dielectric constants of
insulators.'® Finally, the charge variations are very weak, be-
cause the oxygen-magnesium electron sharing is a function
of the ratio between resonance integrals and the anion-cation
effective orbital energy difference 6F.!> While the numerator
decreases with bond-length elongation, the denominator also
decreases because SF decreases. A partial cancelation thus
occurs, the resulting effect being driven by SF. In the 2 ML
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FIG. 9. (Color online) Color representation of the mean Mg-O
distance around each atom (dy,.o) in 1 ML MgO islands of increas-
ing sizes. Same color representation as in Fig. 5. For the sake of
visibility, all islands are shown with the same area, whatever their
atom number

island, similar effects are observed, with smaller modulations
in the surface than in the interface layer.

Edge effects also reflect themselves in the electronic prop-
erties. The bond shortening and reduction of coordination
number are reflected in a decrease of charge and JF.

C. Size evolution of island properties and existence
of magic islands

In the previous subsections, we have analyzed the local
structural and electronic properties of large 1 ML and 2 ML
islands of fixed size (1600 and 3200 atoms, respectively). We
now discuss more global properties, in order to understand
how the islands as a whole respond to the substrate interac-
tion as a function of their size.

In the present case, we find that the value of the commen-
surability parameter y [Eq. (9)] presents only weak varia-
tions with the island size, around the values 7/8=.875 and
19/21=.9048, for 1 ML and 2 ML islands, respectively. The
associated dislocation network lattice parameters are thus of
the order of 22.4 10\, and 30.5 A, respectively. For the
monolayer, the centers of the interfacial dislocations are lo-
cated at atom indices n=*(4+8k) (k an integer). They
should thus appear at island sizes such that the corner atoms
have these indices, which corresponds to islands of sizes
equal to N=100, 676, 1764, etc. For 2 ML, corresponding
sizes are N=288, 2048, etc. According to Fig. 9, which dis-
plays local Mg-O bond-length maps of 1 ML MgO islands at
increasing sizes from N=100 to N=1600, it turns out that,
while the periodicity of this effect is well predicted, edge
effects somewhat blur the appearance of new interfacial dis-
locations.
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FIG. 10. Evolution of the average Mg-O distance dyjq0 in the
whole islands as a function of size in 1 ML and 2 ML MgO islands.
Black dots and squares for supported 1 ML and 2 ML islands,
respectively; white symbols for corresponding flat unsupported lay-
ers. The x scale represents VN and VN/2 for I ML and 2 ML,
respectively.

As an example of global structural property, we consider
the mean Mg-O distance value dyi,0, averaged over the
whole islands, as represented in Fig. 10 for 1 ML and 2 ML
of increasing sizes. A (sub)-nanometer regime is clearly seen
(N<100 and N< 392 for 1 ML and 2 ML, respectively,
which correspond to YN=10 and VN/2=14, respectively), in
which the reduction of the coordination number for a large
number of atoms is responsible for a very low value of dyy0.
At larger sizes, this quantity presents oscillations as a func-
tion of size. Well defined maxima occur at N=100 and N
=784 for 1 ML (W\N equal to 10 and 28) and at N=392 and
N=2592 for 2 ML (VYN/2 equal to 14 and 36). The same is
true (not shown) for the mean Mg-O distance at the center of
the islands, and for the electronic properties (with inversion
between maxima and minima, with respect to dy,0, in agree-
ment with the considerations given in Sec. III B). These
characteristic sizes are close to the sizes at which new dislo-
cations are introduced.

As regards edge effects, Fig. 11 shows the vertical and
horizontal displacements of the corner atoms as a function of
island size. They display oscillations due to their periodic
change of registry with the substrate. It turns out that for
some sizes, the amplitude of the oscillations is larger than at

02 T T T T T T T T T T
< o1f 1
[
£
5 o ]
[&]
g
2 -01F B
o
_02 1 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32 36 40

island size

FIG. 11. Evolution of the horizontal (open squares) and vertical
(dots) displacement of corner atoms as a function of island size
(VN) in 1 ML MgO islands.
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FIG. 12. Energy second difference with respect to island size (in

eV). Black dots and squares for 1 ML and 2 ML islands, respec-
tlvely Op_en symbols for flat unsupported islands. The x scale rep-
resents VN and VN/2 for 1 ML and 2 ML, respectively

the island center (also seen in Fig. 7 middle panel). This may
be assigned to the undercoordination of the edge atoms,
which allows them to respond to external forces with more
flexibility.

Another manifestation of finite size effects is the en-
hanced stability of supported islands at some (magic) sizes.
This phenomenon, referred to as “magicity” has been the
subject of numerous detailed studies in the physics of free
clusters®® and has also been scrutinized for the reverse sys-
tem: metallic clusters deposited on MgO surfaces.**> If es-
timated with respect to attachment and detachment of mono-
meric units, the condition on the size dependence of the
energy E(N) of a magic cluster is that its second difference
with respect to N, A’E=E(N+1)+E(N—-1)-2E(N), be posi-
tive.

Adapted to the square islands considered here, we keep in
mind that only certain types of detachment are accounted for
and that the precision is lower at smaller sizes. In Fig. 12,
AE is plotted as a function of VN for 1 ML and YN/2 for 2
ML islands, both for supported and flat unsupported MgO
islands. While it displays a monotonic behavior in the latter
case, two distinct maxima at N;=100 and N,=576 and the
hint of a third one at N;> ~ 1600 are visible when supported
monolayer islands are considered. A’E is negative at N, and
slightly positive at N,. For bilayer islands, one maximum
occurs at N, =288 (YN/2=12) and (WO w weak maxima may be
found at N,=1568 and N;=2312 (\rN/2 28 and 34, respec-
tively). These values of the magic sizes are just inferior to
those at which new interfacial dislocations appear (see
above).

Magic sizes may be qualitatively understood with a
simple argument. When a dislocation is introduced, edge at-
oms are located at energetically unfavorable positions with
respect to substrate atoms. Since the direct interaction with
the substrate represents the largest contribution to the total
adhesion energy (in the present case, the distortion energy is
less than a few percents), the overall stability of the islands
thus decreases. The magic sizes should thus directly precede
those at which dislocations are introduced. This criterion
does not provide exact values because, as mentioned above,
edge effects somewhat blur the introduction of dislocations.
However, it represents a good guideline. In particular, it al-
lows predicting the size N and the edge length L, character-
istic of the smallest 1 ML magic clusters,
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FIG. 13. Formation energy of periodic 1 ML (full line) and 2
ML (dashed line) films as a function of commensurability
parameter 7.
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N, (11)

Subsequent magic islands occur at N,=(2k—1)?>+N, and L,
=(2k-1)*L,. For 2 ML magic clusters, identical formula
apply for L, and L,, while numbers of atoms should be
doubled. These formula give N;=64 and N,=576 for 1 ML
islands and N;=221 and N,=1994 for 2 ML. They thus
somewhat underestimate the N; values, likely because they
do not take into account edge effects, while they give a fair
estimation of N,.

IV. DISCUSSION

From the results presented in the preceding sections, it is
clear that none of the islands that we have simulated is
pseudomorphic with the substrate, which would correspond
to a commensurability parameter y equal to 1. Conversely
their structure and properties display a clear relationship with
their lattice misfit with the substrate (@—a)/a. However pre-
dicting the value of a is by no means simple, since it depends
on the characteristics of the unsupported islands and on their
interaction with the substrate.

Indeed, on the one hand, a is far from being equal to the
bulk MgO value az=2.998 A, because bulk atoms are six-
fold coordinated. A smaller value ay is expected for unsup-
ported periodic 1 ML and 2 ML films, which have a large
proportion of fourfold and fivefold coordinated atoms, re-
spectively. Indeed, Fig. 3 shows that a strongly varies with
the layer thickness, from 2.832 A at 1 ML to 2.897 A at 2
ML. However, the ground state for supported 1 ML and 2
ML periodic films is not determined by ar. We have per-
formed additional simulations for these infinite films in 2D
unit cells of different sizes, corresponding to different values
of the commensurability parameter y. As shown in Fig. 13,
the ground state is found for values ay slightly larger than a:
2.871 and 2.925 A associated to extrapolated y=az/a val-
ues 0.8973 and 0.914, for 1 ML and 2 ML, respectively.

In addition, in finite size unsupported islands, edge effects
induce a strong reduction of bond lengths around edge and
corner atoms, whose penetration is such that the lattice pa-
rameter at the island center a; varies with size in a non-
negligible manner. Considering a; values at the (finite size)
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island center, the ratio a;/a turns out to be close to the y
=a/a values obtained in the simulation. For the present sys-
tem, we thus find that the following equality is approxi-
mately obeyed:

Egal. (12)

The understanding gained in this study allows rationaliz-
ing some results which have been obtained experimentally.
One such system concerns MgO islands on an Ag(100) sub-
strate. Reflection high energy electron diffraction (RHEED)
measurements,?® have evidenced how the mean lateral lattice
parameter a of the films increases with thickness. At 1 ML, it
is close to the Ag substrate value a,,=2.892 A, while the
bulk MgO value is recovered at larger thicknesses. In refer-
ence, our calculated value ap=2.832 A at 1 ML is also very
close to a,,. This would imply quasi-pseudomorphy between
the monolayer and the substrate. However, magic clusters
have been observed by STM with sizes of L; =70 A in the
subnanometer regime?® or 70 +20 A .32 If magicity is related
to interfacial dislocations, according to the relationship Eq.
(11) between L,, the dislocation network lattice parameter A,
and the commensurability parameter y, one would rather de-
duce that 7=2.810 A at 1 ML. The small difference between
this value and that found by RHEED might come from the
fact that, in the experiment, MgO does not exactly grow in a
layer-by-layer fashion. The contribution of some thicker do-
mains of the film may lead to a slight overestimation of the
lattice parameter in the thinnest films.

In the presence of interfacial dislocations, one would ex-
pect the Moiré pattern to have been experimentally observed.
To our knowledge, this has not been the case for MgO/
Ag(100), but a recent work on MgO/Mo(100) (Ref. 31) has
demonstrated that special bias conditions, corresponding to
field emission resonances, are required for such an observa-
tion. The authors of Ref. 31 evidence 1 ML islands which are
quite uniform in size and orientation, with apparent lateral
size of 55 A. In a grazing incidence x-ray diffraction
(GIXD) (Ref. 30) study, the lateral lattice parameter of the
layers was determined, a=3.03 and 3.02 A for 1 ML and 2
ML [Fig. 1b of Ref. 30] and the dislocation network lattice
parameter A was shown to be consistent with these values.
Additionally, using, Eq. (11), it is also consistent with the
apparent magic size L;=55 A, found by STM.3! We note
that, contrary to the present study, the a value issued from
GIXD, is far from being equal to a;. We will argue in a
forthcoming paper that Eq. (12) is only valid in the limit of
weak interactions of the islands with the substrate. As the
interaction strength increases, y should also increase, even-
tually leading to pseudomorphy (y=1). The formation of
strong interfacial oxygen-molybdenum bonds certainly
places the MgO/Mo(100) interface in the strongly interacting
regime.

Finally, we note that electronic properties are highly in-
homogeneous in the islands, which could result in specific
spectroscopic features, visible in scanning probe microscopy/
spectroscopy: shift of the band edges or modulation of the
surface potential. They may also result in specific adsorption
properties, driven by changes in the donor or acceptor char-
acter of the island atoms.
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V. CONCLUSION

We have implemented an order-N semiempirical Hartree-
Fock method, which at the same time is accurate enough to
allow a determination of electronic and structural properties
of complex insulating systems with atoms in a wide range of
environments, and is fast enough to tackle large size systems
and repeated calculations. We have shown that this method
allows a huge gain of CPU time and RAM compared to
diagonalization of the full Fock matrix, while properties of
MgO from the molecule to the bulk can well be reproduced.
Such type of approach has mainly been used in the past for
the description of large size organic or biological systems.
Here, associated with the construction of a potential energy
surface to describe a weak interaction with a substrate, it
allows us to tackle the complexity of the epitaxy of nano-
oxides on metal surfaces. Such a study would be presently
beyond the capabilities of full ab initio methods. This repre-
sents a strong improvement with respect to other methods
(elasticity theory, Frenkel-Kontorova models), which are
presently applied to such systems, since it allows to take into
account electronic degrees of freedom, defects, etc.

We have used this method to study the generic properties
of monolayer and bilayer MgO square islands, deposited on
a metal substrate in the limit of weak interaction. Interfacial
dislocations have been identified, and their periodicity re-
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lated to the 2D lattice parameter of the supported islands. We
have identified two size regimes: a small size regime, with
no dislocations present (nanometric or subnanometric re-
gime), in which edge effects play a prominent role and the
island properties are driven by the fact that the average co-
ordination number of the atoms is small. At larger sizes, the
properties present an oscillating behavior as a function of
size, associated with the periodic introduction of interfacial
dislocations. As regards electronic properties, their inhomo-
geneity inside the islands is expected to be associated to
specific site reactivity or inhomogeneous surface potentials.
We have found that there exist magic sizes for the supported
islands. We have related their sizes to the dislocation net-
work periodicity, in agreement with experimental results ob-
tained for MgO on Ag(100) and Mo(100).
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