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Incommensurate relaxed overlayer Moiré structures are often interpreted as systems with weak
lateral variations of the binding potential and thus no structural modulations in the overlayer ma-
terial. We discuss here the example of a CoO(111) bilayer on Ir(100), which is a relaxed overlayer
with strong structural response to the lateral modulation of interface properties but nevertheless is
incommensurate. By means of DFT calculations we quantitatively reproduce all the structural pa-
rameters of the CoO(111) bilayer on Ir(100) as proposed by a recent LEED analysis [C. Ebensperger
et al., Phys. Rev. B 81, 235405 (2010)]. The calculations predict energetic degeneracies with respect
to registry shifts of the CoO(111) film along [011]. Large-scale, low-temperature STM topographies
reveal that the true structure of the film is incommensurate in this direction, exhibiting a one-
dimensional Moiré pattern with a period of about 9.4 ar,. From DFT calculations for limiting
(periodic) models, we can sample the potential landscape of the cobalt and oxygen atoms in the
Moiré structure across the Ir(100) unit cell. We find that despite the non-commensurability of the
film, the binding to the substrate is site specific with strong attraction and repulsion points for both
cobalt and oxygen atoms, leading to severe local distortions in the film. The lateral modulation
of the structural elements within the oxide film can be understood as a combination of the lateral
variation in the Co-Ir binding potential and additional O-Ir binding.



I. INTRODUCTION

Oxides of transition metals such as Fe, Mn, or Co are of interest both for fundamental reasons and for technological
applications. Cobalt oxide especially has the potential to play a key role in the fields of catalysis, sensors, battery
technology, and nanomagnetic applications.! ® The downsizing of oxide materials to nanometer dimensions may
lead to properties strongly deviating compared to those of bulk.” 19 Ultra-thin oxide films supported on a metal
substrate additionally suffer from the inhomogeneous chemical binding at the interface, arising from the different lateral
periodicities of film and substrate. As a result, the imposed stress induces local structural distortions and frequently
also bond breaking events. Even completely new crystallographic structures unknown from bulk physics may be
stabilized.” Therefore, a targeted use of such materials requires a detailed understanding of their crystallographic and
electronic structure at the atomic level. The influence of the supporting metal can be investigated by considering ultra-
thin oxide films that are basically slabs of the bulk structure, such that the distortions are exclusively due to interface
accommodation. Candidates are rock-salt type FeO, MnO, and CoO films of (111) orientation, for which films of
ultimate thinness — single hexagonal metal-oxygen bilayers — have been found on a number of metal substrates.t* 20
In these cases high-order commensurate phases were reported with unit cell dimensions of about ten times that of
the substrate, corresponding to about 10% lattice misfits between substrates and oxide films. In the case of (100)
oriented substrates, this just leads to close correspondence of row distances in one direction and, by a slight uniaxial
distortion, the films achieve one-dimensional commensurability (row-on-row matching).

The common long-range periodicity of the whole system (film plus substrate) may alternatively be described as
a Moiré-like superposition of the different lattices involved. The description by means of a Moiré period has the
advantage that it does not require a common multiple of lattice vectors, as is the case for a commensurate super-
structure. As a consequence, slight deviations in size or orientation of the film due to details of the preparation
(island sizes, defect density etc.)!® or simply the limited resolution of the applied real or reciprocal space methods
will not lead to totally different notations such as, for example, FeO on Pt(111) (10 x 10),** (v/84 x v/84)R10.9°,'

and (v/91 x v/91)R5.2°.1419)

The structure of Moiré-like films are often regarded as approximately sinusoidal waves with constant bond lengths
at the interface (hard-sphere model). This view, however, requires laterally unspecified binding properties of the
film to the substrate, i.e., an uncorrugated binding potential, an approximation which may not be valid in all cases.
Such a situation was demonstrated in a recent full-dynamical low-energy electron diffraction (LEED) analysis'® of
a CoO bilayer film grown on Ir(100): For the c¢(10 x 2) structure, a particularly unusual geometry was determined
showing enormous height differences of up to 1 A between the oxygen atoms at the vacuum side of the structure and
of 0.5 A between the cobalt atoms at the interface. These height differences are much larger than the predictions of
a hard-sphere model. Confirming this unusual structural model, recent ab-initio calculations?! also predict strain-
and structure-driven complex magnetic ordering of the CoO overlayer on Ir(100). A close relationship between
the local structural properties of the oxide film and the induced magnetic order was found, leading to alternating
ferromagnetically and antiferromagnetically ordered segments. Interestingly, a second energetically almost degenerate
¢(10 x 2) structure was also found, related to the former by a registry shift of the CoO overlayer. These findings are
in contrast to a recent study for the closely related system of a CoO bilayer on Pd(100) with (9 x 2) periodicity, for
which only a moderately corrugated structure (height modulations of 0.18 A and 0.12 A for the oxygen and cobalt,
respectively) was reported.? Similarly small corrugations were also reported for the FeO bilayer on Pt(111).'* The
aim of the present study is to test the extent to which the parameters of the DF'T calculation and the magnetic order
of the film influence the correspondence between the calculated and the experimentally determined structure. Further,
we investigate which atomic species are imaged in scanning tunneling microscopy (STM) topographies, whether the
assignment depends on the interface registry, as in the case of FeO on Pt(111),** and clarify (through the use of low-
temperature STM imaging) how the proposed degeneracy of the film with respect to the registry with the substrate
is reflected in its real-space structure.

In brief, we find that the experimental determination of the CoO bilayer structure on Ir(100) is indeed correct, but
there are energetically degenerate configurations possible and that the calculated structure — and hence agreement
with experiment — depends on the magnetic order of the Co atoms. By virtue of large scale topographies with atomic
resolution taken by low-temperature STM, we can identify the local registry of the film with the substrate and find
the proposed energetically degenerate configurations. Thus, the ¢(10 x 2) film structure is only an approximation
to the one-dimensional Moiré structure the film adopts, i.e., neighboring ¢(10 x 2) cells probe slightly different local
configurations with respect to the substrate. Using the structural results of the fully relaxed DFT models, we can
sample the positions of both the oxygen and cobalt species across the substrate unit cell and thus identify pronounced
local extrema in the binding potential. These local variations in the film-substrate binding energy cause severe local
structural distortions related to the actual registry between film and substrate but do not lead to an overall strain,
i.e., the oxide film stays incommensurate in one direction.



II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experiment

STM experiments were performed with a homebuilt UHV-STM cooled with liquid helium and operating at 5 —6 K.
Topographies shown were obtained in constant-current mode at the mentioned bias voltage of the sample with respect
to the tip. The starting point for the preparation of the CoO ¢(10 x 2) bilayer on Ir(100) is the clean Ir(100)-(1x1)
structure obtained as described in Ref. 22. The base pressure in the preparation chamber is 8 - 10~ mbar. Cobalt
oxide is obtained by depositing 0.9ML Co at 50° C and subsequent oxidation at 250° C in an oxygen atmosphere. The
oxygen dose is applied by a needle-valve and a tube roughly 2 mm in front of the surface for 100 s, the total pressure
in the chamber during oxidation is 5- 1071 mbar (5-10~% mbar estimated pressure at the sample). Finally the oxide
films were post-annealed at 380° C.

B. Theory

The Vienna Ab-initio Simulation Package (VASP)?3? in the projector augmented wave (PAW) framework?® was
employed to perform Density Functional Theory (DFT) calculations using the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE)?6 for the exchange correlation functional. The localized nature of the Co d-states
was treated using the GGA+U approach of Dudarev.?” Testing a range of U parameters, a value of U—J=1eV was
found to give the best agreement between the present calculations and experiment.!? This choice of U—.J=1¢€V is also
supported by the calculated bulk volume, which is very close to experiment, and by a satisfactory description of the
electronic structure as compared to a more sophisticated, but very costly, approach using hybrid functionals.?® Hence,
if not stated otherwise all results of the present work refer therefore to this choice of U—J=1eV. A repeated slab
model was used, consisting of five Ir layers and CoO overlayers on both sides of the Ir slab to avoid dipolar interactions
between the repeated slabs separated by a vacuum of 17 A. In all calculations the structural degrees of freedom are
fully relaxed on a Monkhorst-Pack type 4x4x1 k-mesh. The calculations were carried out within a ¢(10 x 2) unit cell
containing nine oxygen and nine cobalt atoms arranged in a pseudo-hexagonal configuration on top of ten Ir atoms
of the first layer (Fig. 1) as suggested by experiment.'®!® We imposed mirror symmetry in the [011] direction. In
the first configuration, termed “mirror top” (MT), the mirror plane contains one Co, one O, and one Ir atom of the
first layer (Fig. 1(a)); in the second configuration, termed “mirror bridge” (MB), the mirror plane does not contain
an Ir atom of the first layer (Fig. 1(b)). The two configurations differ by a shift of the CoO film with respect to the
substrate by half an Ir lattice constant ar,.. However, due to the large unit cell, this shift is equivalent to shifting the
film by only 1/18-ay,. = 0.15 A. STM images simulating the constant current measuring mode of STM were calculated
using the Tersoff-Hamann approximation.?*

IIT. RESULTS AND DISCUSSION
A. Understanding the elements of the CoO-c(10 x 2) film structure

In order to test the validity of the structural model proposed by the LEED analysis of Ref. 19 we first discuss
the ¢(10 x 2) phase in the claimed MT configuration. We performed DFT calculations using the standard PBE
functional with two distinct starting configurations: in one case we started with a slightly distorted, but otherwise
flat, CoO bilayer that should easily converge into the structure found on Pd(100).2° In the other case, we modified
the above structure to contain two different types of oxygen species (low-lying and high-lying ones mimicking the
LEED results'?) as indicated by the different shading in Fig. 1. The forces acting on all the atoms were minimized in
nonmagnetic and spin-polarized calculations for various ferro- and antiferromagnetic (strictly speaking ferrimagnetic)
arrangements of the Co atoms.

For the flat oxide model a search for a global energy minimum based on a force minimization was unsuccessful.
This finding can be rationalized on the basis of a simplified quasi epitaxial (SQE) model.2! This model correctly
mimics the large corrugation of the O atoms already for much smaller unit cells. Here a distorted flat oxide model
can be stabilized, but by overcoming a small energy barrier of less than 0.1 eV (the detailed value depends on the
chosen magnetic configuration) the O atoms directly above the Ir substrate atoms find their minimum positions at low
distances corresponding to the ¢(10 x 2) structure and gain about 110 meV/CoO. Comparing nonmagnetic calculations
for the strongly corrugated ¢(10 x 2) model with the best metastable flat oxide model, an energy gain of the former
of 60meV/CoO was obtained. Quite unexpectedly a ferromagnetic configuration for the strongly corrugated ¢(10 x 2)
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FIG. 1. (Color online) Schematic model of the starting configurations for the calculations. The flat CoO bilayer film with
¢(10 x 2) periodicity with respect to Ir(100) and a primitive unit cell are displayed. Small yellow (bright) spheres denote
cobalt atoms, large blueish (gray) spheres denote oxygen atoms, and even larger light gray spheres denote iridium atoms of the
uppermost layer. Oxygen atoms shaded darker are closer to the substrate in the corrugated starting configuration. The unit
cell contains 9 Co and 9 O atoms, aligned parallel to the [011] directions and perfectly row-matched in the [011] direction. (a)
The registry of the film is chosen symmetric to a first layer Ir top site, i.e., there is a mirror plane (green line) intersecting a
Co, an O, and a first layer Ir atom (“mirror-top” (MT) model). (b) Same as (a) but with ~0.15 A lateral shift of the CoO
with respect to the substrate. The film is now symmetric to a first layer Ir bridge site, i.e., the mirror plane intersects a Co, an
O, and a second layer Ir atom (“mirror-bridge” (MB) model).

model could not be stabilized by force minimization. However, with some of the Co species antiferromagnetically
coupled (for details see below), a stable minimum appeared with a total energy lower by 110 meV/CoO compared to
the best intermediate ferromagnetic solution. The structural parameters that resulted had an average mean square
deviation of 0.067 A between experiment'® and a standard PBE calculation considering the of 58 parameters of the
structure. However, the lateral deviations are largely due to the difference between the theoretical (3.88 A) and
experimental (3.84 A) Ir lattice constants; correcting for this difference by rescaling the DFT structural parameters,
the standard deviation is reduced considerably to 0.037 A. Thus, we clearly support the published model and rule out
the possibility that a gentle corrugation of the CoO film as reported for Pd(100)2° might also occur for Ir(100).

We investigated the influence of the choice of U—J on the predicted results as compared to the experiment, in
particular the vertical height of the Co and O atoms (Fig. 2). Consistent with other DFT+U studies for ultra-thin
oxide films on metal supports®?3!, we find that smaller U—.J parameters compared to bulk oxides have to be chosen
to describe the properties of the film correctly. Even for the complete neglect of on-site Co d correlation effects in
the calculations (PBE), the experimental values are well reproduced. The closest match, however, is achieved for the
choice of a rather moderate U—J=1¢eV for the Co d electrons. Larger values rapidly worsen the agreement, both in
absolute binding distances and in the relative heights of adjacent atoms (buckling directions; see, e.g., the second Co
and O atom from the left in Fig. 2). This can be traced back to the stronger localization of the Co d electrons and
the accompanying reduction of hybridization with the neighboring atoms. For the U—J=1¢eV calculation the mean
square deviation between LEED and DFT data amounts to only 0.02 A in vertical and 0.03 /0.07 A in lateral x/y CoO
(lattice constant corrected) positions. The positions of the Ir atoms are almost identical within a standard deviation
of 0.01 A and 0.02 A in lateral (lattice constant corrected) and vertical positions, respectively. The total mean-square
deviation for all 58 parameters is now 0.033 A. Therefore, the geometrical structure obtained from our DFT+U
calculations quantitatively agrees with the published experimental data. Fig. 3 shows the resulting structure in MT
and MB symmetry in a ball model with layer distances and corrugation amplitudes included. All atomic coordinates
of the relaxed structure according to the U—.J=1eV calculation are tabulated together with the experimental values
from Ref. 19 in the Appendix.

As previously mentioned, antiferromagnetically coupled cobalt atoms turned out to be an essential ingredient in
the MT structure. The structure with the lowest energy is that in which the Co atoms located near bridge positions
form an antiferromagnetic chain segment, whereas the Co atoms near hollow positions form a ferromagnetic chain
segment along the [011] direction of the substrate (Fig. 3 (a)).2! Locally, this magnetic structure exhibits the same
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FIG. 2. (Color online) Vertical coordinates of Co and O atoms parallel to the [011] direction for different values of U—.J in the
DFT+HU calculations. Closed symbols denote the vertical positions of the Co atoms (left axis), open symbols those of the O
atoms. The experimentally determined values from Ref. 19 are plotted for comparison. Only the positions in one half of the
MT unit cell are shown.

zig-zag arrangement of parallel spins along the [011] direction as was reported for the (9x2) structure of CoO on
Pd(100) (AFMS3 structure of Ref.20). However, due to the odd number of Co ions within the unit cell, no complete
antiferromagnetic configuration can develop here.

The magnetic configuration has considerable influence on the structure as demonstrated in Fig. 4. In order to be
compatible with a non-magnetic calculation, the magnetic configurations here are determined by a standard PBE
calculation, which is already rather close to the best DET+U structure (Fig. 2). Quite clearly, the strong corrugation
of the structure is also present in a non-magnetic calculation, but the inclusion of magnetism is absolutely necessary
to capture the essentials of the experimental data, particularly for the Co atoms, but also for the high-lying oxygen
atoms. Aside from the smaller size of a nonmagnetic Co atom, the corrugation along the Co chains is too soft, while
the opposite is true for the high-lying oxygens. On the other hand flipping the spins of Col and Co2 (see Fig. 3 (a))
in the antiferromagnetic chain segments also has a non-negligible effect on the vertical distances as seen by comparing
the curves “mag.” and “mag. alt.” which represent the magnetic configurations shown in Fig. 3 without and with
flipped spin of Col and Co2. Although the “mag. alt.” configuration is the next stable configuration, visual inspection
clearly shows that the experimental trends are less well reproduced. A spin flip between Col and Co2 also strongly
influences Co4 via interaction with the connecting oxygen atoms.

We discuss now possible driving forces for the enormous rumpling of the cobalt oxide film. In the [011] direction
the film expands slightly (4% with respect to a bulk CoO(111) bilayer) to accomplish row-to-row matching with the
Ir substrate. Consequently along the [011] direction the Co atoms are aligned roughly in between the first layer Ir
rows with lateral positions gradually altering from (near) hollow to (near) bridge positions. Their vertical positions
vary by about half an Angstrgm in order to keep similar bond lengths to the substrate atoms. Four of the oxygen
atoms are found far above the narrow triangular Co sites, similar to their position in a rocksalt CoO lattice. The
other five oxygen atoms — in particular those near top positions of the outermost Ir layer — are found to dive right
into the Co layer thus locally forming a planar bonding configuration similar to the hexagonal boron-nitride structure.
To allow for this the adjacent Co atoms have to give way via lateral, concerted movements increasing the size of the
triangular site by as much as 50%. The “low-lying” oxygen atoms come to rest almost 1 A closer to the surface than
the “high-lying” ones. The strong chemical interaction of the low-lying oxygen atoms with the Ir atoms is indicated
by the small atomic distances of about 2.1 A which lie in the range of an Ir-O covalent bond (for Ir(100)-(2 x 1)-O
values of do_1,=1.95A for bridge-bonded oxygen®? and 1.76 A and 2.17 A for bridge and hollow site adsorption®
are reported), and also by the slight lateral and vertical displacement of the Ir atoms towards the low-lying oxygen
atoms.

The driving forces causing the enormous height differences in the oxygen layer can be created either in the film
or by the interface. In the first possible scenario the high-lying oxygen atoms (in conjunction with locally rather
unspecific Co-Ir bonds) cause trimerization within the Co lattice and consequently the remaining O atoms “sink”
into the widened hollow sites. The second possible scenario is that very site-specific Co-Ir bonds facilitate local
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FIG. 3. (Color online) Top and side views of the CoO-c(10 x 2) Ir(100) (a) MT and (b) MB structure including structural
parameters and spin orientations as determined by the DET+U calculations. (Experimental values taken from Ref. 19 are
given in brackets.) The different types of atoms are displayed as in Fig. 1 and the magnetization direction of the Co atoms
is indicated by different coloring and a dot for the down configuration. Oxygen atoms near Ir top sites (shaded darker) lie
between the Co layer, while those in the vicinity of Ir bridge positions (shaded lighter) occupy sites above the Co atoms.

narrowing and widening of the cobalt lattice and/or the additional binding of an oxygen atom to an Ir top site is
so energetically favorable that it overcompensates the strain energy created in the film. The first scenario does not
appear to be supported by experimental evidence or the theoretical calculations: Since the trimerization is associated
with a binding potential within the film the same should in fact happen on the Pd(001) surface, which is not observed
experimentally.?’ Furthermore, such a trimerization should smoothly (i.e., without activation barrier) evolve from the
flat film configuration, which is not supported by the DFT calculations.

Conversely, the second scenario directly relies on the specific binding properties of the film to Ir(100), which easily
might be different than for Pd(100), for example. The additional O-Ir bond can also account for the formation of an
activation barrier for reaching the BN-like configuration, since the film distortion has to proceed at least partly before
the O atoms can gain significant energy from the Ir-binding. In order to evaluate whether the covalent Ir-O bond
would be able to provide enough energy to drive the whole local rearrangement, we determined the energy required
to remove either a low- or high-lying oxygen by taking one of them out of the slab with all other atoms frozen at
their former positions. The low-lying oxygen are not stronger bound than the high-lying ones but weaker by about
0.4 eV. That means the O-Ir bond will certainly contribute to the energy balance, but it cannot be the decisive factor
for the local restructuring. The penalty for distorting the film and for the smaller oxygen binding energy must be
overcompensated by an energy gain from the moving Co atoms (when we suppose that the binding energy of the
high-lying oxygen atoms are only negligibly affected by the rearrangement). In the next section we will show how this
scenario is also supported by the evaluation of the atoms’ potential landscapes in the structure.
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FIG. 4. (Color online) PBE calculated vertical coordinates of Co and O atoms for different magnetic configurations parallel
to the [011] direction. Closed symbols denote the vertical positions of the Co atoms (right axis), open symbols those of the O
atoms. “Non-mag.” refers to a nonmagnetic calculation, “mag.” to the magnetic configuration shown in Fig. 3, and “mag. alt.”
to the same configuration but with the spins of Col and Co2 switched. The experimentally determined values from Ref. 19 are
plotted for comparison. Only the positions in one half of the MT unit cell are shown.

B. Registry of film and substrate — Moiré structure

Considering the rather unspecified local positions of cobalt and oxygen species with respect to the substrate, we have
tested whether the chosen “mirror-top” (MT) registry (Fig.1(a)) between the film and the substrate is energetically
distinguished from the “mirror-bridge” (MB) model with a close lying alternative registry of the CoO film. In the MB
model the film is nominally shifted by half a lattice parameter ay, of the substrate. However, since the Co and oxygen
atoms in the structure already sample 9 different positions within the Ir unit cell, the MT and MB configurations are
related by effectively shifting the CoO film as little as 1/18 x ay, &~ 0.15 A (cf. Fig. 1b). Therefore it is not surprising
that after proper relaxation a structure results (cf. Fig. 3(b) and Appendix) which is approximately energetically
degenerate with the former one (AE = —6 meV/CoO for DFT+U and 9meV/CoO for PBE). The local binding
configurations (rock salt or h-BN) are found to be rather similar in both structures. However, due to the different
position of the mirror plane, symmetry now enforces an odd number (three) of high-lying oxygen atoms. Additionally,
there are two more oxygen atoms in a medium high and only the remaining four in a “low-lying” position. In the
MB configuration the near-hollow Co atoms are ferromagnetically ordered as for the MT registry. However, now
also the near-bridge Co atoms are ferromagnetically ordered with an antiferromagnetic coupling between the two
groups (Fig. 3). This indicates that there is a strong ferromagnetic coupling induced by the substrate, which is
strongest for the Co atoms in hollow sites. On the other hand, for the near-bridge site Co atoms, the ferromagnetic
coupling is weakened and oxygen-mediated antiferromagnetic coupling can compete. (See results and discussion on
the SQE models in Ref. 21.) Symmetry imposes an additional constraint: In the MB model, symmetry requires
an even number of Co atoms with reduced ferromagnetic coupling; hence, they cannot couple antiferromagnetically
towards the ferromagnetic segments on both sides. Obviously, the magnetic mismatch at one side towards an adjacent
ferromagnetic segment is so much less favorable that the antiferromagnetic coupling of ferromagnetic Co blocks in the
[011] direction wins over the combination of ferromagnetic and antiferromagnetic stripes.?!

In order to reveal how the two limiting configurations of the ¢(10 x 2) structure of CoO/Ir(100) will appear in
STM images we have calculated topographic images (Fig. 5). It turns out that for all bias voltages and distances the
high-lying oxygen atoms dominate the images with well-separated quadrumers or trimers of protrusions for the MT-
or MB-phase respectively. This finding clearly disproves the tentative assignment offered by Giovanardi et al.'® that
the protrusions observed in STM images are related to Co atoms. For small tip-sample distances the highest-lying
Co atoms near bridge positions become visible as well and in the case of the MB configuration also the “medium-
high” oxygen atoms appear as much smaller protrusions, forming zig-zag-like rows in between the trimer arrays. The
contribution from the Co atom become more obvious when imaging one of the rare single oxygen vacancies (cf., inset
of Fig. 5(h)).

An almost quantitative agreement between experiment and theory is reached for the MB structure, while the MT
structure agrees qualitatively concerning the bright features of the oxygen atoms for both bias voltages. The main
differences between the calculations and experiment are the reduced brightness at the MT mirror plane and increased
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FIG. 5. (Color online) Left: calculated STM images for the MT and MB-configurations of the CoO film for two different bias
voltages and tip-surface distances. Right: Corresponding experimental STM images taken at the given tunneling parameters.
The inset in (h) displays a vacancy at the high-lying oxygen site.

weight of the adjacent Co atom in Fig. 5(a) and the generally increased weight of the Co atoms in the experimental
images at low bias (Fig. 5(g), (h)). The slight discrepancy between Fig.5(a) and (e) can be attributed to the different
contributions of the Co atoms due to the assumed collinear antiferromagnetic arrangement (see Ref. 21) in this chain
segment. A possible non-collinear arrangement of these antiferromagnetic chains suggested by model calculations?!
will lead to a more homogeneous contribution of the Co atoms and improve the agreement with experiment. We
attribute the increased weight of the Co atoms in the experimental images at low bias voltages to an effect causing
a reduction in dI/dV tunneling spectra at zero bias which is not reproduced by the present calculations. Due to the
zero-bias anomaly the tip will move closer to the surface increasing the weight of the Co atoms.

The calculations predict that the CoO film should occur with similar weights in both registries (and possibly even
in any registry in between) at the surface. Large-scale, atomically resolved STM images measured at 5 K (Fig.6)
indeed show that the “c(10 x 2)-film” does not consist of coexisting domains of either the MT or MB phase. Instead,
already on a 100 A scale (Fig. 6(a)), we observe an aperiodic variation of the number of maxima (3 or 4) within the
“c(10 x 2) unit cell”. Even more, the average repetition length of these multimers determined from STM images like
Fig. 6(b) is about 25.5 A = 9.4 ay, significantly smaller than the expected 10ay, = 27.2 A. Virtually the same value
(25.6 A) for the (pseudo-)periodicity of this structure has recently been inferred from a careful analysis of high-order
LEED spot positions including double diffraction effects.?*

The whole scenario can easily be explained by a one-dimensionally incommensurate structure, whereby the pseudo-
periodicity originates from a Moiré modulation between the two lattices involved (CoO and Ir). The peculiarity of
this combination of a hexagonal and a square lattice leads to an anti-correlation of the Moiré modulation between
neighboring rows giving rise to a “centered” rectangular unit cell “c(9.4x2)” (which, of course, is a crystallographically
incorrect nomenclature). Within one such Moiré periods we have on average 8.4 CoO unit cells aligned along 9.4 Ir
cells, which in turn corresponds to an average lattice parameter of 3.04 A in the [011] direction. This value is 0.9%
larger than that of the CoO bulk structure (3.012 A) and therefore somewhat closer to the second unit vector (3.11 A),
which is 3.3% strained by the row-to-row matching. Since the film is obviously not forced into any commensurate
structure, the observed lattice parameter of 3.04 A in the [011] direction is the free response of the film to the
uniaxial expansion in the [011] direction. As a rough estimate, the average of the two orthogonal dimensions of the
quasi-hexagon (3.11 A and 3.04 A) would correspond to a lattice constant of a hypothetical unstrained film which
is about 2% larger than the bulk value. The same expansion was found for the two-dimensional Moiré structure of
FeO on Pt(111).1415 The experimentally determined average lattice parameter in the [011] direction also deviates as
little as 0.8% from that of the ¢(10 x 2) coincidence mesh (3.017 A) and thus is within the accuracy by which DFT
and LEED (using a conventional LEED optics) are able to determine equilibrium lattice parameters at all. Hence,
the commensurate ¢(10 x 2) phase is an excellent model structure, exhibiting all the local features of the real oxide
structure fairly well. However, due to the fact that the Moiré period is not a whole multiple of the substrate unit
vector, the film’s registry will oscillate laterally between the two limiting structural configurations described by the



FIG. 6. (Color online) (a) Atomically resolved STM image (100 A x 60 A). The CoO film appears inhomogeneous both in the
number of maxima and size of apparent unit cells. (b) Large scale STM topography (300 A x 250 A) demonstrating the Moiré
structure of the CoO film on Ir(100).

MT and MB models.

The Moiré structure, however, is not a signature of a laterally unspecific binding potential. In the limit of infinite
domain size and assuming an ideal (undistorted) Moiré structure, both the Co and O atoms will assume every local
position in the Moiré direction with equal weight, i.e., their probability function will be a continuous trace in three-
dimensional space. Any deviation from that continuous trace points to local relaxations that are caused by lateral
variations of the binding energy to the substrate. The combined structural parameters of our two model calculations
(MB and MT) in reduced coordinates (i.e., modulo ay,) provide a rather narrow sampling grid of these traces which
are displayed in Fig.7 in top and side view. Were the two structures representatives of an ideal Moiré structure,
the sampling points for the traces would be equidistant in the horizontal coordinate ([011] direction). The local
compression of the true atomic coordinates indicates sites of higher binding energy (attraction points), while a local
rarefaction denotes energetically unfavorable positions (repulsion points).

For the oxygen trace it can clearly be seen that the near-top position attracts the oxygen atoms both vertically and
laterally, indicating a rather sharp minimum of the oxygen binding potential on top of the Ir atoms. Fig.7 shows that
there is a rather narrow range smaller than our sampling grid distance in which the oxygen atoms switch from “low”
to “high” positions. Due to the exponential distance dependence of the tunneling current in STM, the appearance
of oxygen atoms in topographies is limited exclusively to the high-lying oxygen atoms (for not too close tip-sample
distances, cf., Fig. 5). From Fig.7 it follows that about 7/18-8/18 of all oxygen species will reside in this range and
thus show up in STM as a non-periodic sequence of trimers and quadrumers giving an average of 3.3 - 3.7 protrusions
per Moiré cell. This number is in good agreement to the experimental findings (cf., Fig. 6).

For the Co atoms, we find a preference of the near-hollow site where the lateral coordinates accumulate densely,
while the near-bridge position appear rather unspecific in energy. The transition range between a position above
the rim of an Ir atom and the near-hollow site turns out to be almost completely unwanted. A position within this
“repulsion zone” is assumed for only one of the limiting models (MB registry). The occupation of this intermediate
site is associated with the occurrence of the “medium-high” oxygen atom as shown by the red dashed triangle in
Fig. 7. For the MT registry, the Co atoms directly switch from one type of site to the other within adjacent CoO
unit cells as indicated by the solid blue triangles in Fig. 7. Hence, the existence of a Co atom at the intermediate site
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FIG. 7. (Color online) Compilation of reduced atomic coordinates (modulo substrate unit vectors) of Co and O taken from
DFT calculations for both registries visualizing the Co and O traces across the Ir(100) unit cell in the Moiré structure. The
triangles drawn in denote certain adsorption sites of oxygen (for details see text).

might be a result of the limiting MB registry. Any small disturbance along [011] will presumably cause a switch to a
more likely site.

IV. CONCLUSION

With the present analysis we have corroborated a previous structural analysis of the bilayer CoO(111) film on
Ir(100) by DFT calculations. The calculations support the experimental analysis quantitatively and trace the lateral
modulations within the local structure back to the lateral variations of the Co-Ir binding potential in cooperation
with an additional O-Ir binding near top Ir sites. The latter is also responsible for an activation barrier that evolves in
the structural transition from a flat bulk-like film geometry to the real ground state structure. This activation barrier
can also prevent the ground state structures from being found in total energy calculations. Contrary to previous
expectations, our calculations show that the structure is energetically degenerate with respect to lateral shifts in the
[011] direction since the 9 CoO units on a 10 units Ir coincidence mesh already samples the local sites on a grid of only
0.3 A in this direction. Hence, any such lateral displacement of the film can shift the sampling grid by at maximum
0.15 A against the former situation. However, this variability against displacement does not imply, as sometimes
erroneously concluded, that the binding towards the substrate must be laterally unspecific, which is definitively not
the case for the present system; rather, only the average of the binding energy over all sampled positions remains
independent of lateral shifts of the structure.

An important and further implication of this fact is that there is no driving force for the film to enter a commensurate
structure with a large unit cell. If that unit cell is large enough the total binding energy to the substrate will be
indistinguishable from that of the Moié structure, since both sample essentially the same potential landscape. On the
other hand, to reach a commensurate structure the film has to accommodate additional strain energy, which disfavors
this process. This general prediction is impressively verified by large scale atomically resolved STM topographies,
which clearly reveal one-dimensional incommensurate Moiré structures with a period of about 9.4 aj,., rather than
a commensurate ¢(10 x 2) or (9 x 2) phase. Since the film always remains in a long-range relaxed state, the lattice
parameter assumes its “natural” value, which for ultra-thin films might be different than bulk. In the present system
this condition is only fulfilled in one dimension since the CoO film still suffers from a uniaxial tensile strain due to
the row-on-row matching in [011] direction. Hence, it will react with an accordingly reduced lattice parameter (with
respect to the “natural” one) in the non-strained Moiré direction.

A compilation of structural parameters from DFT calculations for two limiting commensurate structures provides
us with a rather narrow sampling grid for the local film structure as a function of the current registry to the substrate
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unit cell. The traces of atoms across the substrate unit cell can be regarded as a probability function for the spatial
distribution of atoms within the Moiré structure and thus provides a crystallographic description of the system. We
identify pronounced attraction and repulsion regions for Co and oxygen positions, reflecting the local variation of the
film-substrate interaction potential. The existence of the repulsion zone for the Co atoms locally widens the triangular
oxygen sites, thus allowing the oxygen atoms to dive into the Co layer and bind towards Ir atoms. Hence, the location
of Co repulsion points determines which oxygen atoms undergo this process. It is therefore more or less by chance
that the O-Ir binding proceeds at Ir top positions, though it might be that these positions are indeed rather favorite
oxygen docking sites for oxide films. The one-dimensional Moiré structure also has consequences for the magnetic
properties of the film. The ferromagnetic coupling between Co species via the Ir substrate is counterbalanced by the
antiferromagnetic exchange interaction via oxygen atoms. Local symmetry and binding requirements prevent long-
range antiferromagnetic and ferromagnetic structures, and produce a film consisting of groups of ferromagnetically
and antiferromagnetically coupled subunits. We speculate that the true magnetic structure might fluctuate with
specific local configurations. Spin-polarized STM imaging might be an experimental way to investigate this. Our
calculations indicate that the tunneling current is sufficiently spin-polarized in the low-bias region |V] < 0.4 eV.

Similar structural configurations are expected to arise in other overlayer systems. The assignment of large com-
mensurate cells might, in fact, be wrong and caused by limited experimental resolution or by observation over limited
regions. The message beyond the actual system under investigation — CoO on Ir(100) — is that strong site-dependent
binding does not lead to commensurability per se nor are incommensurate, non-periodic films free of severe local
distortions.
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Appendix: Structural Parameters
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TABLE I. Structural parameters and magnetic moments for the two limiting structures with different mirror symmetry (MT
and MB, see Fig. 1). DFT refers to PBE+U calculations with U—J=1eV. For both DFT models the x/y coordinates in
this table have been rescaled to account for the difference between the theoretical and experimental lattice constant (DFT:
3.88 A, exp: 3.84 A) The center of gravity of the outermost Ir layer is set to z = 0.0. Experimental data of Ref. 19 is shifted

accordingly.

Experiment MT model (DFT) MB model (DFT)

Atom X y Z X y Z 7 X y Z 1%
Col 0.00 —0.33 2.38 0.00 —0.23 2.35 —2.10 0.16 —0.24 2.32 —2.14
Co2 2.99 —0.32 2.34 3.03 —-0.28 2.30 2.18 3.23 —-0.23 2.21 —-2.19
Co3 5.96 —0.30 2.16 5.91 —0.26 2.11 —2.21 6.15 0.01 2.07 2.20
Co4 9.27 0.16 1.88 9.30 0.20 1.84 2.00 9.33 0.26 1.96 2.13
Co5 12.11 0.18 1.93 12.14 0.26 1.95 2.14 12.22 0.27 1.98 2.16
Oa 0.00 1.54 2.16 0.00 1.63 2.15 0.06 0.09 1.63 2.16 0.06
Ob 2.88 1.62 2.19 2.85 1.63 2.15 0.17 3.02 1.68 2.13 0.06
Oc 5.85 1.61 2.13 5.89 1.68 2.13 —0.10 6.09 1.74 2.85 0.04
Od 9.03 1.62 3.02 9.02 1.65 3.01 0.05 9.16 1.72 3.03 —0.06
Oe 12.06 1.64 3.09 12.09 1.73 3.08 0.08 12.22 1.71 3.09 —0.07
Irla 0.00 1.36 0.09 0.00 1.33 0.08 —0.01 0.01 1.33 0.09 —0.05
Irib 2.75 1.33 0.06 2.75 1.33 0.07 0.07 2.77 1.35 0.07 —0.05
Irlc 5.49 1.37 0.04 5.49 1.36 0.06 —0.06 5.45 1.36 —0.08 0.13
Irld 8.18 1.35 —0.11 8.16 1.35 —0.13 —0.01 8.13 1.35 —0.07 0.00
Irle 10.85 1.36 —0.04 10.85 1.34 —0.03 0.28 10.85 1.34 —0.02 0.05
Irif 13.57 1.35 —0.01 13.58 1.34 —0.02 0.09
Ir2a 1.36 0.03 —1.85 1.36 0.03 —1.86 —0.05 1.36 —0.03 —1.84 —0.06
Ir2b 4.06 0.02 —1.89 4.06 0.03 —1.89 —0.01 4.07 —0.03 —1.86 —0.03
Ir2c 6.79 0.01 —~1.92 6.78 0.02 —~1.92 —0.03 6.77 —0.02 —~1.91 —0.03
Ir2d 9.49 —0.01 -1.91 9.52 —0.02 —1.91 0.04 9.52 0.00 -1.91 —0.02
Ir2e 12.22 —0.01 ~1.87 12.23 —0.01 —~1.89 0.02 12.23 —0.01 ~1.88 0.03
Ir2f 14.93 —0.01 —1.88 0.01
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