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The early stages of oxidation on Ni(111) and Ni-18 wt%Cr(111) surfaces were studied with scanning tunneling
microscopy/spectroscopy. After exposure to oxygen at 500 °C, chemisorbed p(2 x2)O adlayers appear on Ni
(111) without oxide formation. On the Ni-Cr(111) surface 2D NiO(100) layers rapidly accumulate on the ter-
races. These coexist with Cr-rich clusters, which coalesce as oxidation progresses. Larger oxide nodules with 3D-
island morphology are identified as chromia and are found embedded in the NiO(100). Spectroscopy reveals
electronic heterogeneity, highlighting the chemical variation between each oxide species. A schematic is con-

structed that highlights the associated Ni- and Cr- reaction pathways on Ni-Cr(111) alloy surfaces.

1. Introduction

Oxidation and corrosion initiate at the surface of a material, and
unless a protective layer is formed continued material degradation can
occur, potentially resulting in enormous economic and environmental
costs [1]. The oxidation resistance of metals is often determined by the
formation of a protective oxide layer or scale. Ideally, this oxide layer or
scale covers the surface and functions as a barrier to alloy degradation.
Phenomenological models, such as the Cabrera-Mott model and Wagn-
er’s continuum framework have been developed to understand the
growth of complete oxide layers at elevated temperatures across
different length scales [2-6], and it is well understood that the lateral
growth of oxide precipitates is necessary for the formation of a protec-
tive layer [7]. However, these models do not capture the oxidation
behavior on the surface before a complete layer is formed and describe
only internal parabolic growth and transport through a single oxide
species. Adaptations to Wagner’s theory have identified the conditions
necessary for internal/external oxidation and emphasized the impor-
tance of an oxide’s aspect ratio [8,9].

The significance of oxide morphology was demonstrated recently
[10], where the kinetics controlling the oxide island shape and surface
morphology were considered through an analogy and variation of
Tersoff’s thin-film growth model [11]. Modifying these general con-
cepts, a theoretical argument was made that the magnitude of an oxide’s
Ehrlich-Schwobel (ES) barrier governs the effective length and general
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morphology of the initial oxide island, and pathways for manipulating
the oxide morphology and nucleation density were discussed [10].
Other recent experimental work also qualitatively adopted thin-film
growth concepts to characterize oxide growth modes and morphology
evolution [12-16]. These kinetic models provide a path towards a
quantitative description of exclusive scale formation at high tempera-
tures, however there still is a significant gap in our understanding of the
alloy to oxide transition in the presence of several reactive constituents.

Ni-Cr based superalloys have a high degree of corrosion resistance,
which in combination with their mechanical properties, makes their use
practical in an array of industrial and military systems [17-20]. The
early stages of oxidation on these alloy surfaces is complex, as high-
lighted by our group’s previous STM work on the Ni-Cr(100) surface at
temperatures ranging from 300 to 500 °C [15,21,22]. These results
revealed rapid growth of NiO(100) across the surface [15,22], and
modeling the change in oxide coverage suggested that in this tempera-
ture range, oxygen surface diffusion controls the lateral growth of the
NiO islands [21]. During this rapid onset of NiO, the Cr-oxide undergoes
a much slower lateral propagation, consistent with its known transient
growth behavior [23,24]. This begins with the nucleation of small, high
density, disk-shaped oxide particles. Continued oxidation of the surface
leads to Cr(100) phase segregation, and eventually islands of Cr-oxides
with different surface structures are observed laterally growing across
the alloy surface [22]. These results emphasize the value of character-
izing oxide morphology during early-stage oxidation and the importance
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of understanding atomic-scale oxidation pathways.

The transition from alloy to oxide is sensitive to a wide range of
oxidation conditions and material parameters including, but not limited
to, surface orientation [25,26], temperature [27,28], and alloy compo-
sition [29,30]. The oxidation of Ni(111) accentuates these connections,
where the interplay between NiO(100) and NiO(111) growth at different
oxidation conditions is particularly interesting [31-37]. Previous studies
have shown NiO(100) growth is prominent at intermediate tempera-
tures up to about 230 °C, while at more elevated temperatures and ox-
ygen doses NiO(111) is the more stable orientation [36,37]. The
formation of the NiO(100) facet at these intermediate temperatures is
favored due to the significantly lower surface energy [38,39] and lattice
mismatch at the Ni(111)||NiO(100) interface [36], which contrasts the
instability of the NiO(111)-(1 x 1) surface with its large dipole moment
[37,39,40]. Oxidation experiments at higher temperatures and larger
oxygen doses have shown NiO(111) growth, where the (111) oxide takes
a more favorable interfacial relationship with the underlying Ni [37], or
forms disordered triangular NiO(111) islands post oxidation [36]. The
stability of different NiO surfaces has also been demonstrated during the
thermal decomposition of thin layers of NiO(111) and NiO(100), which
illustrate a complex interplay between different reconstructions and
states of hydroxylation [39]. Moving from Ni(111) to Ni-Cr(111),
further changes in oxidation behavior are expected when Cr is alloyed
into the matrix, and density functional theory (DFT) studies on Ni-Cr
(111) alloys have shown the presence of Cr enhances oxygen absorp-
tion [41-45]. Experimental studies on Ni-Cr(111) oxidation are sorely
missing and understanding the role of crystallographic orientation on
the oxidation process is critical to connect to polycrystalline alloy per-
formance with more complex microstructures.

Our work presented here offers new insight on the early stages of
oxidation across a Ni-Cr(111) surface and the competition between Ni
and Cr oxide formation. We compare the oxidation of a Ni(111) and Ni-
18Cr(111) surface (composition given in wt%) and discuss the
morphological changes observed during the early stages of oxidation.
We target the early reaction steps for up to 14 L (1 Langmuir=10"° torr
s) of oxygen exposure on a Ni-18Cr(111) surface at a substrate tem-
perature of 500 °C and an additional dataset for 40 L of exposure is
presented in the Supplementary Material. This temperature was selected
to study the competition between Ni and Cr-oxide formation. The
qualitative and quantitative analysis of the STM images and scanning
tunneling spectra offer a nanoscale view of the process, and are sum-
marized in an oxidation schematic. By examining the early-stage growth
of oxides on Ni-Cr surfaces in this pre-Cabrera-Mott regime (the regime
prior to the formation of a complete oxide layer), the fundamental
phenomena that drive early-stage oxidation can be understood.

2. Methods

Polished MgO(111) single crystals were used as substrates for both
the Ni(111) and Ni-Cr(111) thin-film growth. Before deposition, these
MgO substrates were prepared using methods outlined in the following
publication [46]. Ni (Alfa Aesar 99.999 % purity) and Cr (American
Elements, 99.95 % purity) source rods were used, and the deposition
took place using a Mantis EV mini e-beam quad-source. This approach
yielded 30 nm thin-films with wide terraces and atomically flat surfaces,
which STS results show have a characteristic metallic signature (sup-
plementary materials Fig. S2). Prior to deposition, the evaporation rates
of Ni and Cr were measured using a quartz crystal monitor (QCM) to
accurately adjust the targeted thin-film composition: 0.342 nm min
for Ni, and 0.072 nm min " for Cr. The alloy thin-film composition was
confirmed ex-situ by energy dispersive spectroscopy (EDS) using a
Quanta LV650 SEM with a beam energy of 15 kV. The composition of
the film was measured across five different regions on the sample and
yielded 17.8 %, 18.7 %, 18.3 %, 17.7 % and 17.2 % (all weight %).
Sequential oxidation (steps of +7 L (p[O2] =7 X 10°° mbar, t = 1330 s)
of both the Ni(111) and Ni-18Cr(111) thin films took place in our UHV
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chamber, where oxygen was introduced through a sapphire leak valve
while the thin films were held at 500 °C. This temperature was selected
to study the competition between Ni and Cr-oxide formation. After each
oxidation step, the samples were allowed to cool before the surface
evolution was measured with STM and STS. While the Ni(111) and
Ni-18Cr(111) samples were deposited a week apart, the same electro-
chemically etched W-STM tip was used to measure both thin films, and
the sequential oxidation steps occurred the same day as each respective
thin-film deposition.

The local density of states (LDOS) of the sample surface was
measured by taking grid spectra where STS and topography are recorded
concurrently. Grid spectra are taken by sweeping the bias voltage (Vpias)
from + 3.0 V and measuring an I/V curve for every fourth pixel in the
image with an open current-feedback loop, while the topography in-
formation was recorded for the next three pixels using a tunneling
current (I;) set at It = 0.1 nA and a bias voltage Vpjas = 3.0 V. The I/V
curves from the grid were numerically differentiated (dI/dV curves) and
then normalized by (dI/dV)/(1/V) following the procedure described by
Feenstra et al. [47,48]. From these differentiated and normalized curves,
the band gap was numerically determined by calculating the region
where (dI/dV)/(1/V) is smaller than a threshold value, i.e. where the
density of states (DOS) is effectively zero. The (dI/dV)/(1/V) spectra are
then spatially resolved by selecting a specific voltage slice (e.g. Vjice =
—2.5 V) to map the variations in the LDOS across the surface. From these
data the band gaps, and their associated conduction and valence band
values, were also formatted into maps following the procedures outlined
in the following reference [49]. Prior to display and analysis of the
topography images, each surface was leveled by mean plane subtraction
and planarization using the processing software Gwyddion [50]. A
MATLAB code implementing routines for gray-scale segmentation was
also used to analyze some of the surface features and described in more
detail in the following reference [22].

3. Results and discussion

After growth of the Ni(111) and Ni-18Cr(111) thin films, each one
was sequentially oxidized at 500 °C, and STM images before and after
each oxidation step are shown in Fig. 1. The oxide emerges at a much
slower rate on the Ni(111) surface compared to Ni-Cr(111). Indeed, the
Ni(111) surface presents a clean metal surface until 14 L. when small
islands of the Ni(111)-p(2 x 2)O reconstruction are seen, as shown in the
inset in Fig. 1(C). A larger version of the inset is included as Supple-
mentary Materials Fig. S1. The reconstruction is not seen on the Ni-Cr
film. Areas of unreacted metal are found between the ordered oxygen
adlayers, which is consistent with literature [36,37], and no oxide was
observed at this temperature and exposure in our experiment. Following
the study by Kortan et al [31]. oxygen dissolves in the Ni-bulk and is
therefore not available any more to surface oxidation. Their phase dia-
gram for Ni(111) surface reconstructions is in agreement with our
observation of Ni(111)-p(2 x 2)O.

The oxide growth across the Ni-18Cr(111) surface resulted in rela-
tively rapid oxide formation after just 7 L of Og at 500 °C, Fig. 1(E),
which is much faster than on the pure Ni(111) surface shown in Fig. 1
(B). Continuous regions of “smooth” islands of NiO(100) two-
dimensional (2D) layers co-exist with oxide particles, which have
nucleated across the surface and are quite densely packed. These par-
ticles resemble the disk-like Cr-rich oxide particles observed on other
low-index Ni-Cr and Cr surfaces [15,22,51],. The effect of additional
oxygen exposure on their height and size are discussed later in the
manuscript. The shape of the NiO islands and layers is characteristic of
the (100) orientation, while NiO(111) islands reported in the literature
exhibit a triangular shape imposed by the lattice symmetry [36]. The
interpretation of the 2D oxide layers as NiO(100) is addressed in detail
later in the manuscript and should be understood here as a preliminary
designation.

After an additional + 7 L oxidation (14 cumulative), the NiO(100)
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Fig. 1. (A)-(C) STM images of the Ni(111) and (D)-(F) Ni-18 wt%Cr(111) surfaces before and after oxidation at 500 °C. The image inset in (C) highlights the ordered
p(2 x 2) adlayer that forms on the Ni(111) surface (10 x 10 nm?). The green arrows in image (F) mark nodules tentatively assigned to Cr-oxide. Ni(111): (A) was
measured at Vp;,s = 0.25 Vand I[; = 0.5 nA, (B) Vpjas = 2.0 Vand I; = 0.1 nA, (C) at Vpjas = —1.0 Vand I; = 0.1 nA. Ni-Cr18Cr(111): (D) was measured Vp;,s = 0.15V

and I; = 0.5 nA, and (E) and (F) at Vypj,s = 3.0 V and I; = 0.1 nA.

coverage has increased, while larger oxide islands or nodules (green
arrows) are now visible across the surface and are embedded within the
NiO(100) layers, Fig. 1(F). The nature of these features remains subject
to discussion, given a lack of atomically resolved structural periodicity,
but will be discussed within the context of the available possibilities:
NiO, Cr203 or NiCry04. The NiO presents clearly in the STM images and
next-layer NiO maintains its characteristic domains [36] and apparent
height [15], so we do not believe these features are the result of
multi-layer NiO. NiCry04 spinel island growth has been found on
oxidized Ni-Cr surfaces [30] but not at these relatively low cumulative
exposures [29]. Our current STM results reveal the apparent height of
these oxide features changes significantly as the bias voltage is varied
[15], which is consistent with our earlier work supporting the assign-
ment of these nodules as Cr,O3 [22]. Indeed, their formation is initiated
by high local Cr concentrations at the alloy-oxide interface, but given a
clear lack of atomic resolution, we attribute them more generally as a
Cr-oxide island or nodule. Our current results reveal that after this
oxidation step the regions of large NiO(100) coverage on the terraces
tends to coincide with the presence of these oxide nodules. The
remaining terraces and step edges are still covered by the smaller Cr-rich
oxide particles, which have grown in size.

The oxidation of the Ni-18Cr(111) surface shows in the first oxida-
tion step islands of 2D NiO(100) layers and small oxide particles or disks.
These dominant features present differently in the STM images and their

size and shape can vary with bias voltage, as shown in Fig. 2. When the
alloy-oxide surface is measured at Vpj,s = —3.0 V, the oxide particles
appear as large protrusions and a near-continuous 2D-oxide layer is
bounded by the step edges of the alloy, Fig. 2(A). Once the bias voltage is
changed to — 1.0 V the surface appears completely devoid of the oxide
particles, and the step edges and terraces of the alloy can be seen clearly,
Fig. 2(B). Note that both images, Fig. 2(A) and (B), show the same
surface area and were measured consecutively. The Cr-rich oxide clus-
ters and NiO(100) layers are electronically transparent because the bias
voltage is attempting to probe states within the band gap of the oxides,
which now does not contribute to the tunneling current [52]. In the
regions where the NiO(100) 2D layers are present, some step edges are
faceted (white arrows in B), which is comparable to the formation of NiO
(100) on Ni-Cr(100), albeit without the emergence of a low-index grain
boundary across the step edge [15]. In contrast, the NiO(100) islands are
pinned by the alloy step edges. The image inset in Fig. 2(B) shows pe-
riodic rows across the 2D NiO(100) layers, which present most promi-
nently when measured at relatively low positive bias voltages from 0.1
tolV.

A high resolution STM image of the NiO(100) 2D layer can be seen in
Fig. 3(A), where periodic rows extend across the surface, some inter-
rupted by additional larger periodic features. Line scans taken across the
surface highlight the variation in periodicity and are provided adjacent
to the STM image in Fig. 3(B)-(D). Arrows corresponding to the line scan
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Fig. 2. STM topography images of the identical
section on the Ni-18 wt%Cr(111) surface after
7 L of exposure. Image (A) was measured at
Vpias = —3.0 V and I; = 0.1 nA, while image (B)
was taken at Vpjs = —1.0V and Iy = 0.1 nA
within the band gap of the oxide islands and
clusters. The variation in bias voltage affects
which oxides islands and clusters are visible on
the surface. At the lower bias voltages, the
surface appears smooth. An image of the empty
states, measured at Vpjas = 1.0V and I;
= 0.1 nA, is provided in the 25 x 25 nm? image
inset in (B) and small periodic rows can be seen.
The white arrows point out faceted step edges.
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Fig. 3. High resolution image of the NiO-Ni(111) interface. (A) The topography image is 12 x 12 nm? and was taken at Vy;,s = 0.1 V and I, = 0.5 nA. The colored
arrows superimposed over the image accompany the line scans in (B)-(D), which guide the readers eye to the various periodic domains found on the Ni-Cr(111)
surface after oxidation. Detailed models of the corresponding surface structures are given in [36].

positions are overlaid on the image. The smallest periodic spacing,
indicated by blue and green arrows, is about 0.27 + 0.02 nm, while the
larger spacing marked by the purple and black arrows spans 0.61

+ 0.02 nm and 0.86 + 0.04 nm, respectively. These periodicities match

well with the atomic spacing of the NiO(100) structure and its local (2 x
2), (2x 3) and (3 x 3) NiO(100)-Ni(111) domains identified and
described in detail in the literature [36,39]. Such a structure allows the
NiO(100) layer to sit on top of the (111) alloy surface, with a small
lattice mismatch, as every third Ni (or O) atom along (110) is located in a
threefold hollow site across the underlying Ni-Cr(111) surface. The
interpretation of the NiO layers as being of the (100) orientation is
therefore supported by the island shape and the high resolution images.

Our results show the Cr-oxidation pathway presents different mor-
phologies and growth initiates with the nucleation of small oxide par-

ticles. While these particles lack a clear structural periodicity, they have
been measured on a variety of different low-index Ni-Cr and Cr surfaces
[15,22,51], and Monte Carlo simulations have provided evidence they
are likely connected to Cr clustering on the Ni-Cr alloy surface [22]. A
quantitative assessment of these Cr-rich oxide particles as a function of
oxygen exposure is given in Fig. 4. Our STM results show these features
present differently after the 7 L and 14 L Oy cumulative exposures, Fig. 4
(A)-(B), and line scans are provided to highlight these changes, Fig. 4
(C)-(D). Taking numerous STM topography images with identical im-
aging conditions, the change in apparent height and lateral area was
determined and summarized in Fig. 4(E)-(F). Note that due to the
convolution of all STM images with the tip shape, the lateral dimensions
of small clusters are overestimated and the “oxide area” is not an ab-
solute value but should be interpreted in comparison between the two
oxidation steps. After the first 7 L oxidation step at 500 °C, the Cr-rich
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Fig. 4. Comparison of the smaller Cr-rich oxide particles after the 7 L. and 14 L exposures. The STM images after 7 L (A) and 14 L (B) and accompanying line scans (C)
and (D). The height (E) and area (G) distributions of these particles are summarized. The data were obtained from 25 x 25-32 x 32 nm? areas, cropped from lager
images and all measured with identical imaging conditions. Each image was flattened and a polynomial background along the x-direction was removed to correct for

any raster streaking along the x-direction. Images (A) and (B) are 25 x 25 nm?

particles have a maximum apparent height centered at 0.21 nm, and an
average area of 4.99 + 0.26 nm?. An additional + 7 L of oxidation (14
cumulative) and the particle’s maximum apparent height increases
slightly to 0.33 nm, while their lateral area swells to an average of 8.42
+ 0.50 nm?. Cr-rich oxide particles of similar shape and size are found
on Ni-Cr(100) [22], which after undergoing ripening and coalescence,
seed the formation of a continuous chromia layer. These results
demonstrate that the early growth steps of the passive chromia layer
initiates with the formation of these particles and lack the strong
interfacial ordering seen for NiO-Ni interfaces. However unlike on the
(100) NiCr surface, these particles are still found on the surface after
14 L. Furthermore, the additional oxygen exposure is accompanied by
the appearance of large Cr-oxide nodules already mentioned in the
presentation of Fig. 1(F).

From the STM results, after a cumulative oxidation of 14 L three
distinct oxide features are present, the NiO(100), Cr-rich oxide particles
and larger oxide nodules. The electronic structure of the surface was
measured with STS to gain more insight into these oxide features. A
3 x 3 STS grid spectrum was taken with a voltage range of + 3.0 V over
a 200 x 200 nm? area, and the results were processed into DOS and band
gap maps, Fig. 5. A blue dashed box in the topography image in Fig. 5(A)
outlines the spatial region matching the DOS and band gap maps, Fig. 5
(B)-(C). Specific regions within these oxide features are selected and the

and measured with Vy,s = 3.0 V, I; = 0.1 nA.

STS curves within that region are averaged (60-120 curves) for a better
signal to noise ratio, Fig. 5(D).

The NiO(100) layers in region (1) are electronically homogeneous
across most of this area, and only small variations in band gap can be
seen near the edges of the Cr-rich oxide particles, which are best visible
in the band gap and DOS maps. The smaller Cr-oxide particles have a
relatively large band gap and there is some tentative evidence that the
gap scales with the height of the particle (supplementary materials
Fig. S1). Nonetheless, patches of the alloy surface with a metallic
signature (2) can be seen in between these smaller Cr-rich oxide parti-
cles. This signature suggests the Ni-Cr(111) surface becomes locally
depleted in oxygen for the benefit of Cr-oxidation, and is in agreement
with our previous work highlighting an oxygen capture radius of less
than a nanometer exists around a growing oxide particle perimeter [21].
Region (3) corresponds to the oxide nodules, where the average (dl/d-
V)/(1/V) curves show the valence band is suppressed and cannot be
effectively measured due to insufficient conductivity within the oxide
nodule. The lack of conductivity in the valence band, whether due to the
oxide thickness or a wide band gap, is a consequence of a low number of
states available for tunneling [53].

A schematic for the general oxidation behavior of a Ni-Cr(111) sur-
face is provided in Fig. 6, and the result of an additional oxidation step
for 40 L(cumulative) is included in the supplementary materials Fig. S4.
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Fig. 5. STS measurements of the Ni-18Cr surface after a cumulative 14 L. The STS data were taken from the blue-dashed square, marked in the topography image,
and formatted into an LDOS map (B) at Vg;ce= 2.4 eV, see method section for explanation, and a band gap map (C). The averaged STS curves (30-60 curves) in (D)
are marked with squares in (C) and provide details about the NiO(100) (1), patches of Ni-Cr alloy (2), and nodules tentatively assigned to Cr-oxide (3). The STM
topography was measured at Vi,jas = 3.0 Vand I; = 0.1 nA and is 200 x 200 nm?2. Values above 4 eV in the band gap map indicate an oxide layer which is too thick to
provide a full spectrum, and the tunneling current from the filled states becomes zero as seen in spectrum (3) panel (D).
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and 3 layer growth the remaining alloy
surface

Fig. 6. A visual schematic for the oxidation of Ni-Cr(111) surfaces, capturing both Ni and Cr oxidation pathways.

Given the distinctive manner in which each oxide phase developed
across the surface, the oxidation pathways of the Ni and Cr can be
organized in 2 stages. The oxidation step observed after the 7 L exposure
(stage 1) begins with the 2D-layer growth of NiO(100) across the Ni-Cr
(111) terraces. This behavior is interesting because previous literature
has reported that NiO(111) growth should begin on Ni(111) at the
temperature used in our work but is suppressed on the alloy surface [37,
52]. Hildebrandt et al. provided reasoned epitaxial arguments for NiO
(100) formation, where the instability of the unreconstructed NiO(111)
octupole surface and lower lattice strain at the NiO(100)-(111) interface
are responsible for the growth of this preferential facet [36]. While these
arguments do not entirely explain the difference in thermal stability of
NiO(100) versus NiO(111), our results show the addition of Cr has
accelerated the onset of NiO(100) growth across the surface, which is
likely a consequence of Cr locally enhancing oxygen bonding [41,42,
44]. These trends in alloy reactivity are commensurate with a shift in the
p-band center as Sprowl et al. reported [45].

Our results show that the Ni-Cr(111) surface indeed prefers the
formation of islands of 2D NiO(100) layers. After growth begins, the
interfacial stability and rapid growth of the NiO(100) layer precludes
thermal decomposition of the oxide film, meaning the attachment rate of
atoms at the NiO(100) growth front exceeds their detachment rate. In
the early stages of NiO(100) growth the formation of a layer is favored,
adopting a Frank-van der Merwe (layer by layer) growth mode, and no
NiO(111) islands are observed [10]. The coverage, respectively number
of layers at this point of the oxidation experiment, is insufficient to

ascertain step-flow growth. Recent experimental studies on poly-
crystalline alloys [29] show that NiO overgrows the Cr-oxide formed
early in the oxidation process. However, we cannot confirm that this
process is already fully developed at the exposures studied here. The NiO
(100) regions are typically pinned between the alloy step edges and
areas saturated with Cr-rich oxide particles, while for Ni-Cr(100)||NiO
(100) the oxide restructures the step edges. The distinct differences
between the Ni-Cr(100)||NiO(100) and Ni-Cr(111)||NiO(100) interfaces
are the cause of these variations in morphology.

As oxygen exposure increases (Fig. 6, Stage 2), the Cr-rich oxide
particles begin to coalesce and new (presumably) Cr-oxide nodules,
islands with a distinct 3D growth mode, are observed on the surface.
Supplementary Fig. S4 shows the next step of oxidation for an exposure
of 40 L, which leads to a highly complex morphology. These features
remain difficult to assess with STM and are included therefore in the
supplementary material. At this stage of the Cr-oxidation pathway,
second- and third-layer Cr-oxide growth is preferential to continued
lateral propagation and a Vollmer-Weber growth mode develops. In
general, the stability of the Ni-Cr(111)-NiO(100) interface promotes the
Frank-van der Merwe growth for NiO(100), while Cr-oxide and chromia
do not wet the alloy surface and form clusters and 3D nodules. We
propose that these inherent differences between the competing oxides
and their interaction with the alloy surfaces is critical to their perfor-
mance in the protective layer, and the variability in oxide growth
behavior as a function of crystallographic orientation adds an additional
constraint on predicting oxide functionality in theoretical models.
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Future work will have to connect nanoscale mechanisms of oxidation to
macroscopic performance of the protective layer.

4. Conclusions

The sequential in situ oxidation of Ni(111) and Ni-18Cr(111) thin
films at 500 °C has been studied with STM and STS. The STM images
before and after each oxidation step have highlighted the effect of
crystallography and Cr addition on the oxidation pathways of these
surfaces early in the oxidation process. The Ni(111) surface was found to
saturate with oxide at a much slower rate compared to the Ni-Cr(111)
surface. Ni(111) remains mostly metallic during oxygen exposure and
islands of Ni(111)-p(2 x 2)O adlayers are observed. The oxidation of the
Ni-18Cr(111) alloy thin film shows two distinct oxide features after just
7 L of O,. Islands of 2D NiO(100) layers formed on the terraces, which
contrasts previous reports that NiO(111) islands should begin to emerge
at these temperatures [37,39]. Small Cr-rich oxide particles nucleate
across terraces and alloy steps while the NiO(100) oxide layers are
confined to individual alloy terraces. After an additional + 7 L oxidation
(14 cumulative) the growth of 3D nodules, similar to those found on
Ni-Cr(100) surfaces after comparable exposures, commences [15,22].
The nodules which are embedded in the NiO(100) layers are tentatively
assigned to chromia. The Cr-oxide particles, which densely populate the
entire surface in between NiO layers, increase in size with continued
oxygen exposure which is consistent with a ripening process. We assume
that the surface is not stationary — once oxygen is absorbed the local
composition of the alloy will change in response to the modulation of the
local chemical potential. Hence the assumption of a random solid so-
lution and homogeneous element distribution in the surface will break
down and lead to the formation of distinct Ni-oxide and Cr-oxide re-
gions. These results support the significant role of crystallography and
interface registry on the oxidation pathways of low-index Ni-Cr surfaces.
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