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ABSTRACT

The formation of nickel oxide nanolayers by oxidizing Ni overlayers on Rh(111) has been investigated and their
structures are reported as a function of the nickel coverage and oxygen pressure. Scanning tunneling microscopy
(STM), low-energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS) and diffraction (XPD), and
high-resolution electron energy loss spectroscopy (HREELS) have been applied to characterize the structure and
stoichiometry of the nickel oxide nanolayers. Several different phases have been observed depending on the strain
state of the metallic Ni overlayers. For the pseudomorphic Ni monolayer, two distinctly different oxide phases with
(6x1)-NisOs and (2v3x2)-NigO;o structures have been identified at oxygen-poor (p=5x10"2 mbar) and
oxygen-rich (p>1x10~° mbar) conditions, respectively. Above one monolayer, where the Ni layers are relaxed,
bulk-like NiO(100) films form at the O-rich conditions, whereas chemisorbed-type p(2x2)0—-Ni(111) layers
develop in the O-poor regime. X-ray photoelectron diffraction analysis has provided additional insight into the

relaxation mechanism and the detailed atomic structure of the Ni-oxide nanolayers.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The (111)-oriented polar NiO single crystal surfaces and thin films
have been intensively investigated, both experimentally and theoreti-
cally, aiming at unraveling the polarity compensation mechanism at
the atomic level (for an overview, see e.g. [1]). Most of these studies in-
dicate a surface stabilization by an octopolar p(2x2) reconstruction
[2-4] or by hydroxylation [5,6]. Yet, the situation for metal-supported
Ni-oxide films with a thickness of only few atomic layers, which are
often referred to as oxide nanolayers, is less clear. Here, additional stabi-
lization mechanisms are possible, such as electrostatic screening by the
metallic substrate, interface mechanisms including lattice matching,
bond distortions and layer buckling, or the actual ground state of the
polar nanolayer may be different from the corresponding bulk counter-
part. The progress in the polarity concepts of finite oxide systems has
been recently reviewed in a comprehensive article by Goniakowsky et
al. [1].

FCC(111) metal surfaces have been typically preferred as sub-
strates for polar oxide films, as their symmetry favors the growth of
(111)-oriented NiO films. The key parameter, controlling the structure
of the oxide film, is then the mismatch between the metal and
NiO(111) surfaces. The low mismatch of 2% has favored the epitaxial
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growth of (2 x2)-reconstructed NiO(111) films on Au(111) [4], whereas
on Cu(111) [7] and Pt(111) [8] surfaces, the higher lattice mismatch (13%
and 6%, respectively) precludes the formation of ordered NiO(111)-like
structures and instead a more complex phase behavior has been reported,
involving the formation of novel oxide structures stabilized at the metal-
oxide interface. For example on Pt(111), depending on the oxygen pres-
sure, three different NiOy structures with (2x2), (7x1) and (4 x 2) peri-
odicities have been observed in the monolayer coverage regime by STM,
but only tentative structure models have been proposed [8].

In the present study, we concentrate on the effects of overlayer strain
on the formation of Ni-oxide films and have studied the oxidation of
epitaxial Ni layers on a Rh(111) substrate (7.4% lattice mismatch to
Ni(111)). We have investigated the surface structure and overlayer
chemical nature, by using a combination of scanning tunneling microsco-
py (STM), low-energy electron diffraction (LEED), X-ray photoelectron
diffraction (XPD), X-ray photoelectron electron spectroscopy (XPS) and
high-resolution electron energy loss spectroscopy (HREELS) measure-
ments. Depending on the Ni metal overlayer strain, we have encountered
two different growth situations for the Ni-oxide nanolayers. The first Ni
layer is pseudomorphically strained and this results in the formation of
two surface oxide phases with (6x1) and (2v3x2) periodicities at
oxygen-poor and oxygen-rich conditions, respectively, which exhibit
formal NisOs and NigOo stoichiometries. 2-5 ML Ni metal overlayers
are structurally relaxed and are thus less reactive — they mimic at low
oxygen pressures the adsorption behavior of Ni(111) single crystal sur-
faces, where an atomically smooth (2x2) layer of chemisorbed oxygen


http://dx.doi.org/10.1016/j.susc.2013.01.018
mailto:svetlozar.surnev@uni-graz.at
http://dx.doi.org/10.1016/j.susc.2013.01.018
http://www.sciencedirect.com/science/journal/00396028

L. Gragnaniello et al. / Surface Science 611 (2013) 86-93 87

forms. Oxidation of these films at higher oxygen pressures yields bulk-
like epitaxial NiO(100) oxide films.

2. Experimental details

Nickel oxide layers with a thickness of up to 5 monolayers (one mono-
layer (ML) corresponds to the number of surface atoms on the Rh(111)
surface) have been prepared by UHV deposition of Ni metal onto a
clean Rh(111) surface held at 150 °C, followed by oxidation in a molecu-
lar oxygen atmosphere (post-oxidation). The sample temperature during
the oxidation was kept at 350 °C for 5 min and the oxygen pressure was
varied between 5x 108 mbar and 1x 10~° mbar. The Ni deposition rate
has been controlled by a quartz microbalance. The STM experiments have
been performed in a custom-designed variable-temperature STM system
as described previously [9]. All STM images presented here have been
recorded at room temperature and in constant-current mode. High-
resolution electron energy loss spectroscopy (HREELS) measurements
have been performed in a second UHV system [10] with a primary energy
of 5.5 eV, in a specular reflection geometry 0y, = 0., = 60°, with a typical
resolution of 5 meV as measured at the full width at half maximum
(FWHM) of the reflected primary peak.

X-ray photoelectron spectroscopy (XPS) and diffraction (XPD) mea-
surements have been carried out in a third UHV system at the Surface
Science Laboratory of Elettra-Sincrotrone Trieste using a monochro-
matised Al K,, radiation (hv=1486.6 eV) and a VG MKII hemispherical
electron energy analyzer. A five-degree of freedom VG Omniax manipu-
lator is excentrically mounted on a differentially pumped rotary flange,
so that different instruments, positioned on the radially distributed
flanges, can be reached. The movement system, the instrument controls
and the data acquisition are fully computer driven by custom Labview
software. The sample crystallographic directions were aligned by
means of LEED, which has been used also to control the structure of
the nickel oxide films and thus to ensure identical oxide preparation
conditions in all three UHV chambers. XPD measurements were ac-
quired with the sample kept at room temperature. Due to the long mea-
suring time required to collect angular scans needed to yield the full
hemispheric mapping, cleaning and preparation cycles were regularly
alternated with data collection. The photoelectron intensities were
obtained by fitting the spectra with Doniach-Sunji¢ [11] functions,
which account for the core-hole lifetime (Lorentzian width) and for
the asymmetry of the peaks, convoluted with Gaussians, related to the
thermal, inhomogeneous and instrumental broadening. The modulation
function, which is defined as y = (1—1p) /I [12], was calculated for each
angular scan. For the two-dimensional (2D) stereographic projection of
the XPD data the intensities were normalized as a function of the polar
angles with a cosine function accounting for the angular dependent in-
tensity attenuation.

The XPD simulations have been performed using the MSCD package
developed by Chen and Van Hove [13,14]. Non-structural parameters,
such as the inner potential and the Debye temperature were obtained
from the literature, while the scattering order, cluster size, maximum
angular momentum, pathcut, Rehr-Alberts approximation order [15]
and analyzer acceptance angle were brought to convergence. The
inelastic mean free path was obtained using the Tanuma-Powell-Penn
equation [16]. The overall agreement between simulated and
experimental modulation functions was quantified by a multispectral
reliability factor R, defined as a normalized sum of the square deviations
between the calcplated and the experimental y functions: R=
> (}(exp‘i—)(sim_i) /2 (}(zexp,,- + ){f,—m‘,-) [12]. In order to minimize the
R-factor a custornized approach was adopted, which makes use of
both Steepest Descent [17] and genetic algorithms [17-20].

3. Results and discussion

It is instructive to examine first the structure of the metallic Ni
films on the Rh(111) surface prior to their oxidation. Fig. 1 shows

STM images taken after the deposition of 0.5 ML (a), 1.0 ML (b) and
1.5 ML Ni (c). The first Ni layer (Fig. 1a,b) exhibits a characteristic net-
work of line protrusions, running along the three equivalent <110>
substrate directions, which have been assigned to domain boundaries
separating pseudomorphic areas with fcc and hcp stacking [21,22].
This causes a partial strain relief in the first Ni layer (note that the bulk lat-
tice constants of the Rh(111) and Ni(111) surfaces are 2.69 A and 2.49 A,
respectively, which corresponds to a 8% misfit). The second Ni layer
nucleates at the lower step edges and extends into the terrace areas
(Fig. 1c). It displays triangular protrusions (inset of Fig. 1c), which are
arranged in a hexagonal moiré pattern with a periodicity of 43 A+ 3 A.
Applying the moiré formula to the latter yields an interatomic distance
of 2.5 A+0.2 A, which (within the error bars) is identical to the bulk
Ni(111) lattice constant. This result is also corroborated by the LEED
image of 2 ML Ni on Rh(111) in Fig. 1d, which shows hexagons of satellite
spots surrounding the main LEED reflexes, in agreement with previous
results [23]. The separation between the main and satellite diffraction
spots (see inset in Fig. 1d) corresponds to the difference of the reciprocal
lattice constants of the Rh(111) and Ni(111) surfaces.

In the following two subsections the evolution of the structure of the
Ni-oxide layers with increasing Ni coverage will be presented for two
oxygen pressure regimes of the post-oxidation step, which we will
refer to as oxygen-poor and oxygen-rich. At intermediate oxygen pressures
mixed and ill-defined oxide phases form, these will not be discussed here.

3.1. Oxygen-poor regime: p(0,) =5 x10~8 mbar

Oxidation of submonolayer Ni coverages at 5x 108 mbar oxygen
pressure results in the formation of 2D Ni-oxide islands (Oy; = 0.5 ML,
Fig. 2a) with a lateral size ranging between 200 A and 500 A and an
apparent height of 1.7 A+ 0.2 A. In the STM images the oxide islands
display bright stripes occurring in three domains parallel to the
equivalent <110> substrate directions. The atomically-resolved STM
image shown in the inset of Fig. 2a reveals that the stripes represent
double rows, which are pseudomorphically aligned along the <110>
direction and are separated by 6 Rh lattice constants, thus yielding a
(6x1) superstructure (unit cell marked on the image). The atomic
corrugations along and across the stripes are 0.1 A and 0.3 A, respec-
tively. In between the stripes hexagonally ordered flat areas can be
spotted. At 1 ML Ni coverage the Rh(111) surface is almost entirely
covered by the (6x 1) Ni-oxide overlayer (Fig. 2b). A few small clus-
ters are seen on top, which mark the onset of growth of the next
layer. The (6x 1) superstructure is consistent with the LEED pattern
(Fig. 2¢), which displays sharp spots with a (6x 1) periodicity, thus
underlining the good structural order at the long-range scale. Recent
density functional theory (DFT) calculations [24] have predicted a
model for the (6x 1) monolayer phase, which is reproduced in Fig. 2d.
It has a formal NisOs stoichiometry consisting of a complex configuration
of NiO(100)- and NiO(111)-like surface building units, with four-fold
(marked by an arrow) and three-fold coordinated oxygen atoms, respec-
tively. The DFT calculations have demonstrated that by means of a partic-
ular structural arrangement of these building blocks into a uniaxially
reconstructed overlayer a higher thermodynamic stability is achieved
with respect to the uniform NiO(100) (non-polar, but highly strained)
and NiO(111) (polar) layers [24]. It is noted that a structure with a
(7% 1) periodicity has been reported recently for Ni-oxide layers on a
Pt(111) surface [8], which shows a very similar appearance in the STM
images as the (6x 1) phase. This structural similarity indicates that the
uniaxial (6x 1) and (7x 1) Ni-oxide phases are not specific for a given
oxide-metal interface, but rather derive their stability from polarity can-
celation and/or low surface energy effects [24].

The (6x 1) phase is only stable up to 1 ML and increasing the Ni cov-
erage transforms into a new structure. The STM image taken after the
oxidation of 2 ML Ni on Rh(111) (Fig. 3a) reveals an atomically flat
overlayer, which covers almost entirely the surface. Some remnant
(6x 1) patches can be still seen in the lower- and upper-left parts of the
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Fig. 1. STM images of Ni overlayers on Rh(111): (a) 0.5 ML-500A x 5004, 2.0 V, 0.1 nA; (b) 1.0 ML — 1000A x 10004, 1.5 V, 0.1 nA; (c) 1.5 ML — 1000A x 10004, 1.5 V, 0.1 nA. Inset

— 300Ax 3004, 2.0 V, 0.2 nA; (d) LEED pattern (E=114 eV) of 2 ML Ni on Rh(111).

image, providing a reference plane for measuring the relative apparent
height of the second layer, which amounts to ~1.8 A. The corresponding
LEED image (Fig. 3b) exhibits a sharp hexagonal p(2x2) pattern. No
structural changes occur upon further increasing the Ni coverage up to
5 ML — STM images (for 3 ML, see Fig. 3c) display large atomically flat
terraces as before with the p(2x2) LEED pattern. High-resolution STM
images (Fig. 3d) show over a broad range of tunneling resistances a hex-
agonal lattice (unit cell indicated) of broad protrusions with triangular
shape, whose atomic corrugation varies between 0.1 A and 0.2 A. At
very low tunneling resistance (<1 M{Q) a tripod-like structure can be
well resolved (inset of Fig. 3d), which is reminiscent of the STM appear-
ance of the octopolar (2 x 2)-reconstructed NiO(111) surface [8]. How-
ever, careful evaluation of the spacing between the maxima in the STM
images in Fig. 3d yields a value of 5.0 A+ 0.2 A, which is clearly differ-
ent from the lattice constant of the (2x2)-NiO(111) surface (5.9 A). A
p(2x2) superstructure of the Rh(111) surface can also be ruled out
(5.38 A), but a p(2x2)-Ni(111) reconstruction with a lattice parameter
0f4.98 Ais avery good candidate for the observed structure. It should be
considered that the metallic Ni film on Rh(111) adopts from the second
layer on approximately the lattice constant of the Ni(111) surface. Since
the latter surface exhibits a well-known p(2x2) reconstruction upon
adsorption of 1/4 ML oxygen [25,26], we ascribe the structure reported
in Fig. 3 to a chemisorbed oxygen phase on a bulk-like Ni(111) layer
on Rh(111). This assignment is unambiguously confirmed by HREELS
and XPS results, which are presented next.

Fig. 4a shows HREELS spectra taken from the 1 ML (6x 1)-NisOs
and 2 ML p(2x2) surfaces. The (6x 1) phase exhibits two phonon loss
peaks at 51 meV and 60.5 meV, which have been interpreted on the
basis of DFT calculations as two dipole-active modes of the out-of-plane
vibrations of the outermost oxygen atom (see the side-view NisOs
model in Fig. 2d) [24]. The p(2x2) 2 ML phase shows only a single loss

peak at 65 meV, which shifts gradually to 69 meV when the Ni coverage
increases to 10 ML. The latter phonon loss value is fully compatible with
the stretching frequency of oxygen atoms chemisorbed in the three-fold
hollow sites on Ni(111) crystal surfaces of 72 meV [27]. In Fig. 4b Ni
2ps/, XPS spectra taken from 2 ML Ni on Rh(111) (bottom curve) and
after oxidation at 5x 108 mbar oxygen (top curve), generating the
p(2x2) structure, are shown. For comparison, the corresponding spec-
trum from the (6x 1)-NisOs monolayer is displayed in the middle. The
Ni 2ps/, spectrum of the Ni film contains a main emission line with a
binding energy of 852.8 eV and a satellite peak shifted by about +6 eV,
which is due to a two hole ¢ ~'3d%4s? (¢~ is a core hole) final state effect
[28]. This shape of the Ni 2p spectrum is maintained for the p(2x2)
phase — only a small positive shift (402 eV) can be recognized,
as expected for chemisorbed oxygen species. A similar chemical shift is ob-
served in the Ni 2p spectrum of the (6x1)-NisOs monolayer surface,
but the 6 eV satellite peak is clearly missing, in accord with the oxidic
nature of this phase. Both the peak position and spectral shape of the
(6% 1)-NisOs structure are distinctly different from those of the bulk-type
NiO phase (see e.g. Fig. 7a), which we attribute to the interfacial bonding
and the proximity of the underlying metal surface. The latter may strongly
modify both the initial and final states in the photoemission process.

In order to obtain further structural details on the structure of the
p(2x2)0 phase we collected a set of XPD data for the Ni2ps,, core levels
of a5 ML p(2x2)0-Ni(111) film, as shown in Fig. 5a. The main charac-
teristics of the stereographic plot are the forward scattering spots at
about 40° polar angle with a three-fold azimuthal symmetry. To take
into account the lattice mismatch between Ni and Rh, we have approx-
imated the structure with a (13 x13)-Ni(111) unit cell with 5 Ni layers
and 4 bulk Rh layers formed by (12 x 12)-Rh(111) unit cells, for a total
of 845 Ni atoms, 36 O atoms, and 576 Rh substrate atoms. In the struc-
tural model yielding the best R-factor (0.23), shown in Fig. 5c, the
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Fig. 2. Large-scale STM images (2000A x 20004, 1.0 V, 0.2 nA) of (a) 0.5 MLand (b) 1.0 ML (6 x 1)-Ni-oxide layers on Rh(111). The inset in panel (a) (110Ax40A, 15 mV, 2.0 nA) is a
high-resolution STM image of the (6x 1) phase; (c) LEED pattern (E=150 eV) of the (6x 1) phase at 1.0 ML; (d) DFT models (top and side views) of the (6x 1)-NisOs structure.

Adapted from Ref. [6].

terminal Ni layer displays a buckled displacement (0.23 + 0.15 A) of the
Ni atoms coordinated to oxygen, which occupies the three-fold hollow
site. The structural relaxation was carried out by taking into account
all the interlayer distances of the Ni film (din-nin-1 in Fig. 5) and the
lattice constants of the intermediate Ni ad-layers (ani, anis, ania). We
found a significant compression of the top three layers (dni_niz =
1.70+£0.20 A, dN2—Ni3 =1.704+0.20 A, dN37Ni4 =1.804+0.30 A) in com-
parison with the interlayer distance of the Ni(111) bulk phase (2.01 A),
even considering the quite large error bars reflecting our moderate sensi-
tivity to the vertical positions of these Ni layers. By contrast, thanks to the
large atomic clusters used in our simulations, we are very sensitive to var-
iations of the in-plane lattice parameter of the Ni film which is exponen-
tially reduced in going from the interface region to the film surface. In
order to cross-check the correctness of our results, a quantitative compar-
ison between the exponential decay mode and two other possible strain
relaxation models are reported in Fig. 5b. In the first case (blue markers)
the lattice parameter was varied linearly from 2.69 A (bottom layer) to
2.49 A (topmost layer), resulting in an R-factor of 0.56 (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.). In the other case, the black-dotted curve,
labeled “constant” (black markers), describes a 5 ML thick Ni film, for
which the same lattice parameter of 2.46 A is constrained in all layers,
except for the interface layer, which has the same lattice constant of
Rh(111) (R-factor 0.46). These results clearly favor the exponential relax-
ation model, whereas both the constant and the linear relaxation models
can be ruled out due to their much larger R-factors.

The question arises, why the chemical bonding and state of oxygen
to nickel in the oxygen-poor regime changes from an oxide-type in
the (6x 1)-NisOs structure to a much weaker chemisorbed-like in the
p(2x2)0-Ni phase, when the Ni coverage increases beyond one

monolayer? We attribute this oxidation behavior to the different
strained state of the Ni atoms in the first and in the subsequent layers.
As established above, the first Ni layer is subject to a tensile stress,
which is only partially relieved by the formation of dislocation lines,
whereas the second and the following layers become relaxed, with
their lattice parameters converging exponentially to the bulk Ni(111)
value. As a consequence, an increased reactivity towards oxygen can
be expected for the Ni monolayer with respect to the next layers,
which is due to the shift of the d-band center towards the Fermi-level
predicted for pseudomorphic overlayers with a tensile stress [29,30].
Such a shift of the Ni 3d band has indeed been observed for Ni layers
grown onto vicinal Rh(111) surfaces [31]. We have recently shown
that 1-D Ni nanowires exhibit also a similarly enhanced oxidation reac-
tivity, due to their strong electronic and elastic coupling to the step
atoms of a Rh(553) surface [32].

3.2. Oxygen-rich regime: 2 x10~7 mbar<p(0,) <1 x10~°% mbar

Dramatic structural changes occur upon oxidation of Ni-films under
oxygen-rich conditions. At 1 ML the (6x 1) phase is replaced by a rect-
angular (2v3x2), or alternatively (4x2) superstructure, which ex-
hibits a two-dimensional morphology in the STM images (Fig. 6a). The
corresponding LEED pattern (Fig. 6b) displays at all electron energies
extinction of odd-numbered superstructure reflections, which implies
the presence of glide plane symmetry. High-resolution STM images
show a strong bias dependence — images taken at a positive bias voltage
U<0.3 V (Fig. 6¢) reveal a pattern of zig-zag protrusions, enclosing an
angle of 90°, whereas at U>+ 0.6 V (Fig. 6d), only large bright maxima,
slightly elongated along the directions of the zig-zag chains, can be
discerned. Both the rectangular (2v3 x2) and (4 x 2) unit cells, together
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Fig. 3. Large-scale STM images (1000A x 1000A, 1.0 V, 0.1 nA) of (a) 2.0 ML and (c) 3.0 ML p(2x2) Ni- O layers on Rh(111); (b) LEED pattern (E= 110 eV) of the p(2x 2) phase at
2.0 ML; (d) high-resolution STM images (100Ax 100A, 10 mV, 2.0 nA) of the p(2x2) phase (inset — 50Ax 504, 5 mV, 8.0 nA).

with three glide planes (dashed lines), are indicated in Fig. 6¢c. We note
that a (4x2) superstructure with a very similar STM appearance has
also been reported recently by Hagendorf et al. for a Ni-oxide monolayer
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Fig. 4. (a) HREELS phonon loss spectra of the (6x1)-NisOs and p(2x2) Ni-O struc-
tures at 1.0 ML and 2.0 ML, respectively; (b) XPS Ni 2ps, spectra of the (6x1)-NisOs
and p(2x2) Ni-O structures. The XPS spectrum of the 2.0 ML Ni/Rh(111) surface is
shown for comparison.

on Pt(111) [8]. A two-dimensional (/3 x 2) structure has been observed
in STM during the decomposition of NiO(111) thin films on Ni(111) [6],
which looks very similar to that shown in Fig. 6d, but with a twice smaller
unit cell. We suspect that due to the poor resolution in the latter STM
images, the subtle difference in the image contrast between a (2v3x2)
and a (v¥3x2) unit cell could not be resolved, which may thus have
been incorrectly assigned. Kitakatsu et al. have interpreted this structure
as residual bulk NiO rows, aligned along the substrate <112> directions
[6]. These findings suggest that the (2+/3x2) monolayer can be consid-
ered as an intermediate phase between an interface-stabilized oxide
layer, whose structure is typically strongly substrate dependent, and a
bulk oxide. This is supported by the XPS and HREELS results, as presented
next.

Fig. 7 shows XPS Ni 2p5/; (a) and O 1s (b) core-level spectra of the
(2v3 x 2) phase. The Ni 2ps, spectrum has been deconvoluted into
three different core-level components with binding energies (BE) of
854.3 eV, 855.4 eV and 861.3 eV, which are characteristic of bulk
NiO [33]. More specifically, the lowest BE main line has been assigned
to ac~!3d°L~! final state, where ¢~ ! and L™ ! refer to a hole in the 2p
core level and the ligand band, respectively, whereas the shoulder at
855.4 eV has been ascribed to a non-local screening process from neigh-
boring NiOg units [34] and/or surface effects [35]. The remaining emission
structure at 861.3 eV is a charge-transfer satellite (indicated S in Fig. 7a),
corresponding to a ¢~ '3d®L72 final state [33]. This similarity suggests
that the Ni atoms have a similar environment as in bulk NiO crystals, i.e.
they are coordinated to O atoms only, and are thus not in direct contact
with the underlying metal substrate — in the opposite case significant
negative core-level shifts may occur as a result of the metal-metal bond-
ing at the substrate-oxide interface [36]. This is also reinforced by the
shape of the O 1s spectrum (Fig. 7b), which contains two core-level com-
ponents with BE of 531.2 eV (marked I) and 529.5 eV (marked II),
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Fig. 5. (a) Experimental (left) and simulated (right) XPD pattern of the Ni 2p5, core levels for the 5 ML p(2 x 2)-Ni—- O chemisorbed phase. (b) In-plane Ni lattice constant behavior
for the different strain relaxation models (see text). (c) Top and side view of the lowest R-factor structural model for the 5 ML p(2x 2) phase.

implying two geometrically non-equivalent O species. Since there is a due to O atoms located at the oxide-vacuum (I) and substrate-oxide
transfer of intensity from peak II to peak I in going from normal emission (1) interface, respectively. This assighment is also corroborated by the ob-
to grazing emission geometry (not shown), we attribute these peaks as servation that the two O 1s components show distinctly different XPD

Fig. 6. (a) Large-scale STM image (500Ax500A, 0.8 V, 0.05 nA) and (b) LEED pattern (E =65 eV) of the (2v3 x2) structure at 1.0 ML. High-resolution STM images (70A x 70A) of the
(2v3x2) phase, taken at bias voltages of 0.3 V (c) and 0.6 V (d). The (4x2) and (2v3x2) unit cells are indicated on the images. The dotted lines indicate the gliding planes, leading

to the extinction of some LEED spots.
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patterns: while peak II displays a complex hexagonal pattern of forward
scattering maxima (see Fig. 8a, top right), which are due to scatterers
in well-defined positions above the interface layer, peak I shows no mod-
ulation in XPD, as expected for O atoms located above all other scatterers.
The overall O coverage in the (2v3 x 2) monolayer has been estimated to
about 0.75 ML by comparing the O 1s integrated intensity to that of the
chemisorbed oxygen p(2x2) phase (corresponding to 0.25 ML) at 5
ML Ni coverage. Finally, the HREELS spectrum of the (2v3x2) phase,
presented in Fig. 9, provides additional evidence that the local bonding
in this oxide structure is similar to that in bulk NiO: it contains two pho-
non losses at 56 meV and 68 meV, which are very close to the values of
54 meV and 69 meV, observed for the bulk-like NiO films.

Based on this information we have constructed a trial structure model
of the (2+/3 x 2) phase, which has been optimized in the XPD analysis. The
simulated XPD patterns of both the O1s core level associated with the in-
terface O layer (peak II) and of the Ni 2ps/, core level signal are reported
together with the corresponding experimental data in Fig. 8a. The best
R-factor (0.21) model is depicted in Fig. 8b and consists of a O—Ni- 0
trilayer, which is formed by a hexagonally close packed Ni layer (with 8
atoms per (2v3x2) unit cell), bonded to 6 and 4 oxygen atoms at the
interface and surface, respectively. The formal stoichiometry of this
trilayer structure is thus NigO1, which is compatible with the experimen-
tal Ni (1 ML) and O (1.25 ML) coverages. The interface oxygen atoms oc-
cupy threefold-hollow sites at the Rh(111) surface, whereas the terminal
O species are found in alternate three-fold (A) and pseudo-bridge (B)
sites of the Ni layer (Fig. 8b). The Ni layer results to be not coplanar,
with a maximum variation in the atomic position along the surface
normal of 0.2 A. Most importantly, the resulting structure shows a strong
buckling of the two non-equivalent first-layer O atoms (0.63 A), as ob-
served in the side view of Fig. 8b. The Ni—O bond lengths obtained
from our XPD analysis range from 1.78 (hollow) to 2.48 A (quasi-bridge),
which match the Ni- O distances commonly found in literature for vari-
ous Ni— O based compounds (1.78-2.55 A).

Oxidation of Ni films with coverage between 2 and 3 ML in the
5x1077-2x10~% mbar oxygen pressure range results in the formation
of epitaxial NiO(100) oxide layers with typically rough morphologies, as
depicted in Fig. 9a. Atomically-resolved images (inset of Fig. 9a) reveal a
square structure with a lattice constant of 2.8 A+ 0.1 A, i.e. close to that
of the NiO(100) surface (2.95 A). Since empty states have been probed,
we attribute the protrusions in the image to the positions of the Ni
ions [37]. The LEED image in Fig. 9b displays along with the Rh substrate
spots two concentric rings of 12 diffraction spots each, which are due to
three equivalent rotational domains of the NiO(100) layer lattice. The
oxide diffraction spots are slightly azimuthally elongated, which is due
to a small (~1°) misalignment of the oxide lattice with respect to the
Rh(111) surface. The NiO stoichiometry has been confirmed by HREELS:

(a) Ni 2p,,
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Fig. 7. (a) XPS Ni 2p3), and (b) O 1s core-level spectra of the (2v3x2) monolayer
phase. Both XPS spectra have been deconvoluted into individual core-level compo-
nents, as discussed in the text.
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Fig. 8. (a) Two-dimensional stereographic projections of the Ni 2ps/, and O 1s modulation
functions obtained from the experimental XPD spectra of the (2v3x2) monolayer phase
(top) to be compared with the simulated data (bottom) from the relaxed structure;
(b) top and side perspective views of the lowest R-factor structural model, corre-
sponding to the simulated plots reported in the upper panel.

the top spectrum in Fig. 9c¢, taken from the 2 ML NiO surface, contains a
phonon loss peak at 68 meV, which is identified as a Fuchs-Kliewer
surface phonon involving ionic displacements normal to the NiO(100)
crystal surface [38]. The low-energy shoulder at 54 meV has been also
reported in HREELS spectra of NiO films on Ni(100) [39] and Pd(100)
[40] surfaces. Interestingly, under a somewhat lower oxygen pressure of
1x10~7 mbar, the NiO(100) phase transforms into a surface which
exhibits a sharp p(2x2) LEED pattern (not shown), corresponding to a
lattice constant of about 5 A. This surface exhibits a phonon loss feature
at 45 meV (bottom spectrum of Fig.9c), which clearly distinguishes it
from the chemisorbed p(2x2)-O-Ni(111) structure, mentioned above
(the weak intensity around 68 meV is due to some remnant NiO(100)).
Although the atomic structure of this phase is not yet clear, we tentatively
ascribe the 45 meV phonon loss to oxygen species incorporated into the
Ni film, thus in an oxidic-like environment. A further argument in favor
of this assignment is the different adsorption behavior of these two
p(2x2) surfaces: whereas CO molecules from the UHV background
atmosphere readily coadsorb on the chemisorbed O phase (as identified
by the presence of characteristic CO stretching vibrations in HREELS)
[41], no CO adsorption takes place on the p(2 x 2)-NiOx surface at
room temperature. We note, in passing, that the latter structure is also
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Fig. 9. (a) Large-scale STM image (500A x 5004, 1.5 V, 0.05 nA) of the NiO(100) surface at 2 ML. The inset (30Ax 304, 0.1 V, 0.3 nA) is a high-resolution image of the marked square
area in (a); (b) corresponding LEED pattern (E=94 eV); (c) HREELS spectra of the NiO(100) 2 ML film, (23 x2) monolayer phase and a p(2 x2)-oxide surface obtained after

post-oxidation of 2 ML Ni film at 1x10~7 mbar oxygen.

different from the octopolar-reconstructed (2x2)-NiO(111) phase [4],
which has a larger lattice constant of 5.9 A.

At higher (>3 ML) Ni coverages NiO(111) films with a poor structural
order form. In addition, NiO(100) side facets are observed, as revealed by
the characteristic streaks in the LEED images. Similar (100) faceting has
been recently also observed for NiO films on Al,03(0001) [42] and MnO
films on Pd(100) [43] surfaces, which is most likely driven by the lowest
surface energy of the non-polar (100) surface of rock-salt oxides.

4. Summary

Ordered nanolayers of NiOx have been grown on a Rh(111) substrate
by post-oxidation of Ni films and analyzed as a function of layer thickness
and oxygen pressure by STM, LEED, XPS, HREELS and XPD measurements.
Up to the first oxide monolayer, two different oxide structures have been
detected to form well-defined wetting layers on the Rh(111) surface,
with (6x1) and (2v3x2) surface structures that are associated with
NisOs and NigOqo phases, respectively. Above one monolayer and at
oxygen-poor conditions a p(2 x 2) structure forms, which has been iden-
tified as chemisorbed oxygen on Ni(111)-like layers. It has been argued
that the reason for the enhanced oxidation reactivity at the interface is
the tensile stress in the first pseudomorphic Ni layer caused by the 7.4%
lattice mismatch. Under oxygen-rich conditions the NiOx films converge
to bulk-like NiO(100) phases.
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