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Initial atomic-scale oxidation pathways on a Ni–15Cr(100)
alloy surface
William H. Blades 1,2, Matthew R. Barone 1,3 and Petra Reinke 1✉

To understand the atomistic phenomenon behind initial oxidation processes, we have studied the nanoscale evolution of oxide
growth prior to the formation of a complete layer on a Ni–15 wt%Cr(100) alloy surface using scanning tunneling microscopy/
spectroscopy (STM/STS). At the onset of oxidation, a NiO superlattice forms oxide wedges across the step edges, eventually growing
across the terraces. The completion of the NiO layer is followed by nucleation of the next layer, which always commences at the
groove site of the superlattice. The Cr-oxide formation initiates as disk-shaped oxide particles early in the oxidation process, which
Monte Carlo simulations reveal are likely caused by Cr clustering across the alloy surface. Upon further oxidation, a Cr(100)-p(2 × 2)O
reconstructed surface is observed, indicating phase separation of Cr predicates the formation of the passive Cr-oxide film. The STS
results vary across the oxide–alloy interface and between each oxide, providing greater insight into the origins of electronic
heterogeneity and their effect on oxide growth. Using these data, we propose an oxidation model that highlights the growth of
partial oxide layers on Ni–Cr(100) alloys within the pre-Cabrera–Mott regime.
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INTRODUCTION
Early-stage oxidation of metals commences with the nucleation
and growth of partial oxide layers or islands on the surface and
results in significant structural and chemical changes at the
metal–oxide interface1–6. These changes to the metal–oxide
interface predicate the development of a complete and ideally
corrosion-resistant oxide layer. Specifically, Ni–Cr alloys have
gained considerable attention in recent years due to their
excellent mechanical properties and the superior corrosion
resistance afforded by the growth of a passive chromia layer7–15.
Despite the interest in this alloy system, significant gaps still exist
in our understanding of the transition between the initial
adsorption of oxygen and the subsequent growth of a complete
oxide layer. Models have been developed, such as the
Cabrera–Mott model, that specifically considers the growth
kinetics of oxide layers between 1 and 10 nm in thickness1,16,17.
While Cabrera–Mott has been used to successfully describe the
temperature-dependent thickening of oxide films and their
growth via electric-field driven ion transport, discrepancies arise
due to the assorted oxidation pathways exhibited by transition
metal alloys, e.g., Ni–Cr. Therefore, by examining the growth of
partial oxides during the pre-Cabrera–Mott regime defined here as
the regime prior to the formation of a complete oxide layer, the
fundamental phenomena that drive early-stage oxidation can be
understood.
Given the chemically distinct nature of Ni and Cr, oxide growth

on Ni–Cr alloys is governed by the competing oxidation pathways
of the two reactive elements. At elevated temperatures, oxidation
of Ni(100) begins with the dissociative chemisorption of O2 and
the formation of p(2 × 2)O and c(2 × 2)O ordered adlayers18–22.
The chemisorbed phases trigger step-edge faceting, which
kinetically hinders oxide nucleation at the step edges and NiO is
only observed after large O2 doses18,19. For Cr(100), a variety of
different ordered oxygen adlayers and surface reconstructions
have been reported after oxygen exposure23–28. It has been

postulated that variations in sample surface preparation are
responsible for the disparities23. While the initial onset and
progression of monolayer oxygen coverage is unresolved, the
formation of chrome-oxide has been shown to initiate by the
incorporation of oxygen atoms into the relatively open BCC Cr
(100) surface. After a complete layer is formed the initial oxide
growth is dominated by oxygen anion transport at Tox < 300 °C
and by metal cations at elevated temperatures28. The unique
reaction pathways of the Ni(100) and Cr(100) surfaces suggest that
alloying will result in distinctive oxidation processes different from
those of the pure constituent metals.
The complex interplay between thermodynamic and kinetic

factors in the oxidation of the Ni–Cr system leads to competition
between oxide species. This is also expressed in a variation of the
metal–oxygen bond energies moving from pure metals to alloys,
and oxides with different structures and chemistry as recently
calculated by Chien et al.29. Which oxide will form, and their
relative concentration with respect to the total oxide population,
depends on temperature, alloy composition, oxygen partial
pressure, and crystallographic orientation. Notably, not all of
these factors have been studied in detail, and the present work
targets the initial oxidation steps where the competition between
oxide species is readily apparent. The lower nucleation barrier for
NiO due to cube-on-cube epitaxy is generally assumed to
kinetically favor the nucleation of NiO compared to chromia
albeit direct experimental observation of the initial oxidation steps
as a function of crystallographic orientation is missing11. The
oxidation of a Ni–5 wt%Cr(100) alloy at 300 °C revealed oxide
island growth after small sequential O2 exposures, highlighting
the addition of Cr removes the temperature induction period for
oxide growth on Ni(100) surfaces10,18. A surface diffusion model,
where oxygen atoms diffused to the oxide growth front, was
developed and found a short screening length of 0.3–0.4 nm,
suggesting oxide island growth at these temperatures is localized
to the island edge10. At higher temperatures, oxidation is driven
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by the transport of metal atoms, as shown during the initial
oxidation of a Ni–10 at%Cr(100) sample at 450 °C9. An operando
high-resolution transmission electron microscopy study confirmed
that NiO growth is kinetically favored, as compared to the more
thermodynamically preferred Cr2O3, due to the rapid surface
diffusion of Ni atoms across NiO within this compositional
space8,9. Partially closed subsurface layers of Cr2O3 were observed
beneath the NiO layers at Tox= 700 °C, and when [Cr]= 20 at%
these initially disjointed ‘subsurface islands’ form a complete
Cr2O3 layer

8. The manner in which the NiO and Cr2O3 evolve as a
function of both temperature and composition reflect the diverse
nature of oxide growth on Ni–Cr(100) surfaces and indicate that
more work is required if the competition between the different
oxidation pathways is to be fully understood.
Recently, our work has focused on the nanoscale observation of

Ni(100) and Ni–Cr(100) surface oxidation by studying the
sequential oxidation of alloy thin films (8–12 wt%Cr) grown in
ultra-high vacuum (UHV) with STM (scanning tunneling micro-
scopy) and STS (scanning tunneling spectroscopy)7,30. The initial
oxidation on Ni–Cr(100) begins with the nucleation and growth of
NiO along the step edges and a dense population of small oxide
particles on the terraces. The NiO formed low-angle grain
boundaries with respect to the Ni–Cr(100) surface and a distinct
NiO–NiCr(7 × 8) superlattice was observed across the step edges,
while a NiO–NiCr(6 × 7) superlattice was found on the terraces7,31.
Concurrently, a variety of chemisorbed phases and large oxide
nodules, assigned as Cr2O3 or NiCr2O4, grew on the terraces. The
geometric structure of the chemisorbed phases, which is
reminiscent of a Cr(100)-O reconstruction, strongly suggested
the segregation of Cr at the surface, however, no atomic spacing
could be measured for confirmation. STS measurements com-
bined with a statistical analysis of the surface’s electronic structure
revealed significant spatial variability in the surface band gap and
confirmed the compositional and structural heterogeneity of the
oxide–alloy interface and surface. The usual assumption of a
homogenous electric field between the alloy and oxide surface is
therefore insufficient to describe oxide growth once a complete
oxide layer is formed.
Complementary STM work has been done by Ma et al. on an

oxidized Fe–18Cr–13Ni(100) austenitic stain steel surface, with the
goal to understand the relation between heterogeneity in the

initial oxidation steps and pitting events at a later stage6. The
emergence of ordered vacancy structures in the metal surface is
unique and occurs in parallel with the onset of oxidation at step
edges where Cr-oxide and Fe-oxide emerge at a longer exposure.
Complex step edge faceting is observed with convex and concave
regions developing and is unique to this ternary system. On the
other hand—even though austenitic stainless steel is a ternary
system its propensity to form a large variety of surface structures is
surprisingly more limited than for Ni–Cr(100).
Experiments that target the initial progression of oxide growth,

combined with surface-sensitive techniques, are necessary if the
complex nature of early-stage oxidation is to be understood. To
this end, STM and STS have been employed to capture the atomic-
scale mechanisms of surface oxidation on a Ni–15 wt%Cr(100)
sample at 500 °C and will be discussed in detail. The Cr oxidation
pathway starts by nucleating flat disk-like particles, their size
driven by the local distribution of Cr-clusters in the first two (100)
planes of the surface. As oxidation progresses phase separation of
BCC Cr(100) is observed. Adjacent to these segregated regions is
oxide rows and faceted oxide features, which are attributed to the
passive Cr-oxide pathway. Initially nucleating at the step edges,
the NiO rapidly saturates the surface and thickens, with the next
layer initiating growth at the NiO superlattice groove site. Spatially
resolved DOS (density of states) maps reveal the origin of this
behavior is attributed to the heterogeneity across the NiO
superlattice, imprinted by the alloy–oxide interface. These data
are used to build a model for the nanoscale growth of the partial
oxide layers Ni–Cr(100) surfaces. Together, these details on the
evolution of the surface’s electronic and geometric structure have
further illuminated the nuances of early-stage oxidation on Ni–Cr
alloys within the pre-Cabrera–Mott regime.

RESULTS
General trends in oxidation
STM images of the Ni–15 wt%Cr(100) surface prior to oxidation
and after each exposure step are displayed in Fig. 1. The onset of
oxidation, 7 L of O2 exposure at 500 °C, results in significant
changes to the surface of the alloy. Oxide growth initiates with
step-edge faceting driven by a partial step-edge decoration of a

Fig. 1 An overview of the oxidation steps and features on the surface. Topography of the alloy surface prior to oxidation is given in (a). The
progression of oxidation after cumulative O2 exposures at 500 °C of 7 L (b), (c), 14 L (d), (e), and 18 L (f). All scale bars are 20 nm. The white
arrows indicate step edges that have not faceted and are still curved despite oxygen exposure. Image (a) was measured at Vbias= 0.25 V, It=
0.5 nA, (b), (c), (d) and (e) at Vbias= 2.0 V, It= 0.1 nA, and (f) at Vbias= 3.0 V, It= 0.1 nA. The images in panels (c) and (e) are both 30 × 30 nm2 and
show the different features after cumulative 7 L and 14 L exposures, respectively. Line scans of each feature at these oxidation steps are
provided.
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NiO–NiCr(7 × 8) superlattice—NiO wedge—while oxide particles,
tentatively assigned as Cr-oxide particles, have nucleated and
grown across the terraces and some step edges as seen in Fig. 1b,
c7,18,19. The assignment of the step edge and terrace oxide with
square structure as NiO is based on (i) comparison with the
structure of NiO on Ni(100) in our laboratory and reported in the
literature19,31, (ii) reported enhanced nucleation of cubic NiO on
(100) surfaces for alloys in a similar concentration range and
temperature range9, (iii) a band gap which is commensurate with
NiO and excludes co-nucleation of CrN (metallic).
After 14 L cumulative exposure, the NiO wedges have thickened

and NiO has grown across the terraces, taking a different epitaxial
relationship with the alloy by forming a NiO–NiCr(6 × 7) super-
lattice, Fig. 1d, e. The NiO superlattices and their effect on the alloy
surface have been discussed extensively in the following reference
for alloys with smaller Cr-concentrations7. At this exposure of 14 L,
the Cr-oxide particles are no longer present on the surface and are
substituted by a variety of chemisorbed oxygen adlayers seen
between the boundaries of the NiO layers, Fig. 1e. Additional
oxidation, +4 L (18 L cumulative), causes greater NiO surface
coverage, the emergence of more second layer NiO, a reduction in
the surface area covered by ordered chemisorbed adlayers, and
the growth of sizable oxide nodules7, which are also marked in
Fig. 1f. It is evident from these images that the Ni–Cr(100)
oxidation pathway is complex, and will therefore be discussed in a
step-by-step manner in this report starting with a closer look at
the oxide clusters observed in the very first oxidation step.

Cr-oxide particles
The NiO oxidation pathway presents clearly in the topography
images post-exposure, and the oxidation of Cr appears to begin
with the nucleation and growth of oxide particles. To better
understand the particle geometry, height and area distributions
are measured over flat segments of the alloy surface, represented
by the 3D topography image in Fig. 2a. The height distribution in
Fig. 2b reveals an apparent height of approximately 1.25 Å, while
the area distribution obtained via the MATLAB segmentation code
is shown in Fig. 2c. Given the shallow apparent height, another
method for the quantification of particle dimensions was
employed, and the particles were assumed to be flat disks, where
the Area ¼ πr2 and radius r were determined by numerous line
scans. This second method yielded an area distribution in
excellent agreement with the distribution obtained by the
segmentation code, therefore modeling the Cr-oxide particles as
flat disks and islands are acceptable.
The Cr-oxide particles have been observed in our prior work on

Ni–Cr(100) oxidation and are thermally stable with respect to
annealing at 600 °C, contrasting NiO which was reduced and thus
removed from the surface during this heat treatment7. Similar
particles have also been previously reported during thermal
oxidation of pure Cr thin films32. Our STM results show the Cr-
oxide particles preferentially populate across the alloy terraces
and some step edges, marked by white arrows in Fig. 1b. No such
particles are found on pure Ni surfaces supporting the interpreta-
tion as Cr-oxide or at least mixed Cr–Ni oxides. The extent of NiO
step-edge coverage is higher on Ni–Cr(100) samples with lower Cr
concentration7, suggesting that step-edges with a higher local Cr
concentration nucleate Cr-oxide particles instead of undergoing
NiO-driven step faceting. Essentially, NiO formation at the step
edges competes with the nucleation of Cr-oxide particles, which
also prevents step edge faceting as seen in Fig. 1. However, STM
and STS do not deliver directly compositional information in the
absence of a well-recognized surface structure (e.g., NiO), so we
assign these features as Cr-rich oxide particles, as opposed to
asserting they are purely Cr-based. Certainly, the initiation of Cr-
oxidation is dominant on the terraces and step edges with higher
Cr concentration, therefore we propose here that the presence of

Cr-oxide particles can be linked to the distribution of Cr-atoms in
the Ni–Cr(100) solid-solution surface.
To develop a qualitative understanding of oxide particle

formation on the surface after the 7 L exposure, we developed a
MATLAB code that visualizes the stochastic distribution of Ni and
Cr atoms within the first two layers of a substitutional solid-
solution FCC(100) surface for a predefined alloy stoichiometry. The
second layer is included to build a more realistic surface model

Fig. 2 Geometric structure of the oxide particles. a 3D topography
image showing the oxide particles present after 7 L of oxygen
exposure along with (b) their height distribution. The area
distribution of these particles is summarized (c) and was determined
two different ways, (i) via gray-scale segmentation (see supplemen-
tary information) and (ii) line scans combined with the assumption
that the particles are disks (A ¼ πr2), which was used to translate
radius into area distributions. The topography image was taken at
Vbias= 2.0 V, It= 0.1 nA. The error bars in (b) were calculated using
standard error.
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which is suitable for future computational work to describe the
surface chemistry. The distribution of Cr atoms on the surface can
be described with various statistical tools including pair correla-
tion functions, however, for the purpose of the current manu-
script, we chose to specifically illustrate the interconnectedness of
Cr-atoms at the surface by assessing the cluster dimensions. The
prevalence of dimer, trimer, tetramer, and pentamer-sized Cr-
clusters in the two surface layers is displayed in Fig. 3a for a variety
of alloy compositions. Several simulations were run for each alloy
composition, and the number of Cr-clusters (n) of a given atom
size is shown as a function of at%Cr. The details of cluster
counting are given in Supplementary Fig. 1. The number of Cr-
clusters reaches a maximum when the composition (cluster-size) is
16 at%Cr (dimer), 19 at%Cr (trimers), 20 at%Cr (tetramer), and 22 at
%Cr (pentamer). The contributions from clusters with n > 5
increase rapidly for Cr concentrations exceeding 15 at%. A closer
look at the cluster distributions for a Ni–15 wt%Cr(100) alloy is
provided in Fig. 3b, c.
The average cluster size increases with the addition of a second

layer, which is summarized in the histogram presented in Fig. 3b.
This result is expected given that the addition of a second layer
increases the coordination number and inherently leads to larger
and more realistic clusters. The second layer can be interpreted as
a Cr-atom reservoir that feeds the growth of nanoscale surface
oxides at these temperatures. A spatial representation of the first
and second plane clusters on a Ni–15 wt%Cr(100) is included in
Fig. 3c. The filamentous Cr-surface clusters are preferred oxygen
adsorption sites since DFT has shown that Cr is a preferential
bonding site for oxygen in Ni–Cr alloys12,33. The larger propensity
of extended filamentous Cr-clusters for higher Cr-content in the
alloy rapidly increases the likelihood of O-adsorption at or very
near a Cr site on the surface. Consequently, the Cr-surface clusters

can be seen as precursors for oxide islands and particles formed in
the initial reaction steps. Indeed, the distribution of the Cr within
the first few layers of the alloy is likely responsible for the initiation
of the passive chromia layer, while the NiO nucleation is driven by
the cube-on-cube epitaxy. A more detailed study of the re-
organization of Cr within the surface layer in response to oxygen
adsorption and the development of chemical potential-driven
diffusion is in progress.

Fourteen Langmuir of cumulative oxidation
Once the sample is exposed to a cumulative 14 L of O2, the oxide
particles are no longer present. Instead, ordered chemisorbed
oxygen adlayers have emerged across the surface and a complex
mixture of different structures and domains is present. A few
segments of curved alloy step edges are retained and covered
with these adlayers, marked by white arrows in Fig. 1d. Unlike the
c(2 × 2) reconstruction on pure Ni(100) the chemisorbed adlayers
observed here do not induce step edge faceting. Images of the
surface reconstructions/adlayers (generally referred to as “chemi-
sorbed regions”) are provided in Supplementary Fig. 2. None of
these surface structures exactly correspond to known chemisorp-
tion adlayers or surface oxides for Ni or Cr surfaces, however, some
have general symmetries that are reminiscent of surface
reconstructions observed on oxidized Cr(100) surfaces23–28.
However, the size of the unit cells and feature dimensions as
measured from the STM images are significantly larger than
atomic-scale models of simple surface reconstructions would
require. The topographic surface features do not correspond to
any known chemisorbed oxygen adlayer, alloy, or oxide–alloy
interface, and STS yields an unusually broad distribution of band
gap values centered at about 1.8 eV7. Indeed, these chemisorbed
structures could be a collection of defects, vacancies, or

Fig. 3 Distributions of Cr atoms and clusters on the (100) surface of a random solid solution. a The visualization shows two Ni–15 wt%Cr
planes of the alloy with dimers marked with red circles, trimers orange triangles, and tetramers or larger clusters with blue squares; a closed
circle/triangle/square is chosen for atoms in the first plane, and an open circle/triangle/square marks atoms in the second plane. At least one
atom for each cluster is positioned in the top layer (first plane), and single Cr atoms are omitted for clarity. The details of the calculation and
cluster counting are described in the Supplementary Information. b Summarizes the occurrence of different cluster sizes as a function of Cr
concentration in the top two (100) planes which are built of 100 × 100 atoms each. The histogram in (c) displays the size distribution of Cr
clusters on the surface of the Ni–15 wt%Cr alloy if a single or two planes are taken into account. The error bars in (b) represent the standard
deviation of the data point.
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nanocavities, which have been reported for oxide–metal inter-
faces34. A collection of these surface reconstructions is shown in
Supplementary Fig. 2. These regions are most prominent after 14 L
of exposure but disappear with the addition of just 4 L of O2,
which indicates that the chemisorbed oxygen adlayers are likely
metastable, intermediate surface structures with unique oxygen
coverages and distinctive interfacial relationships with the metal
lattice below.

Eighteen Langmuir of cumulative oxidation
After an additional 4 L oxidation step (18 L cumulative), the
aforementioned chemisorbed oxygen adlayer regions disappear,
and a new set of surface structures emerge: a reconstruction/
chemisorbed adlayer with a square unit cell, an oxide “row”
structure, and a faceted oxide feature now dominate and mark the
progression of the oxidation process. Figure 4a shows a high-
resolution image of reconstruction/chemisorbed adlayer, an
ordered surface structure that can be imaged with atomic
resolution and is positioned in between the NiO edges. Line
scans along the max-to-max positions reveal an average spacing
of 6.0 Å ± 0.1 and a diagonal spacing of 8.2 Å ± 0.1 confirming
the square geometry of the structure. Distributions of these data
are provided in Fig. 4b. The spacings were compared with a
variety of possible O-adsorbate surface structures on both, Ni(100)
and Cr(100) surfaces, and the theoretical spacings and respective
percent error {%} are provided in the table included in Fig. 4c35.
The Cr(100)-p(2 × 2)O ordered phase best fits the measured
spacings, and a model surface structure is included as Fig. 4d
where the p(2 × 2) unit cell is marked in gray. Note that this is a
BCC (100) surface and not the FCC (100) surface of the Ni–Cr alloy.
The green square illustrates the correspondence between the
model and topography image, also marked with a green square in
Fig. 4a. The deviation between the experiment and reported

theoretical values for Cr(100)-p(2 × 2)O is well within the experi-
mental error. In this interpretation of the reconstruction, it is
assumed that the oxygen atoms are imaged as depressions27,
which could be disputed, but does not change the comparison
with dimensions of the p(2 × 2)O unit cell on a BCC (100) surface.
The presence of the atomically resolved adlayer highlights that

a BCC Cr(100) lattice region is embedded within the FCC Ni–Cr
(100) alloy surface and emphasizes oxidation induces phase
separation of the alloy in the surface region. The Cr(100)-p(2 × 2)O
surface section is rotated by ~27° with respect to the NiO lattice. It
should be noted that we cannot see the oxide–alloy interface
itself, therefore it is possible the BCC layer has a unique epitaxial
relationship with respect to the surrounding FCC matrix36–39. The
presence of this Cr(100) phase is evidence that the surface
composition of the alloy changes significantly after O2 exposure
and the alloy surface can no longer be considered simply as an
FCC Ni–Cr(100) random solid solution. This analysis confirms the
formation of areas with pure Cr surface layers, which form by
phase separation from the alloy and present the characteristic Cr
(100)-p(2 × 2)O surface.
At this 18 L of O2 exposure step the Cr(100)-p(2 × 2)O surface

dominates the regions between the NiO, and oxide rows and
faceted-oxide features co-exist with the reconstruction and are
shown in Fig. 5. These additional nanoscale oxide features offer
significant challenges in their assignment and are discussed in this
paragraph in more detail. Both features are commonly seen
adjacent to the Cr(100)-p(2 × 2)O surface structure, and examples
are included in Figs. 4a and 5a, b. Their proximity to known
segregated regions of Cr(100), as well as their distinctive
geometric and electronic structures compared to that of NiO,
leads us to assign them to the Cr-oxidation pathway and
tentatively ascribe them as “Cr-oxide rows” and “faceted Cr-oxide”
layers, respectively. The “Cr-oxide rows” are geometrically distinct

Fig. 4 Cr phase segregation. a Topography image after the 18 L oxidation step (20 × 20 nm2). This oxidation step illustrates the segregation of
Cr(100) and the FCC and BCC surface orientations are marked in the image, where the FCC directions are deduced from the NiO orientation
relative to Ni as shown previously. The distributions in (b) give the maximum-maximum spacing along the [010]BCC and [011]BCC directions,
respectively, with the average spacing given in each histogram. c Compares the surface geometry measured in the STM images to other
surface structures known for Ni(100) and Cr(100) for various oxygen coverages. The table summarizes the surface dimensions and interatomic
spacing with the {discrepancy} to the experimental data given for each structure model. d Model of the Cr(100) surface for the Cr(100)-p(2 × 2)
phase, which has an excellent agreement with the experimental data. The STM topography image was taken at Vbias=−3.0 V, It= 0.1 nA.
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from the NiO and previously reported chemisorbed adlayers, and
the spacings between the rows are quite varied as shown in
Supplementary Figs. 3 and 4. The Cr(100)-p(2 × 2)O surface is
nearly metallic, while the Cr-oxide rows have significant variability
in their electronic structure with an average band gap of 1.9
± 0:1 eV, as shown in Fig. 5d, e, respectively. The band gap is
smaller than that for the bulk oxides but larger than the values
observed for the chemisorbed adlayer regions. This leads us to
interpret the oxide rows as a “transition state” between adsorbate
and fully formed oxide with a bulk oxide signature. Figure 5c
illustrates the “faceted Cr-oxide” features adjacent to the Cr(100)-p
(2 × 2)O regions. The tunneling current from the filled states in STS
is very small and indicative of the insulating nature of the oxide
feature, Fig. 5f. A periodic surface structure with rectangular
symmetry is observed when their filled states are measured with a
rather high Vbias=−3.5 eV, which is included in Supplementary
Fig. 4.
The chemical nature of these oxides remains open to

interpretation and is challenging to resolve like most oxide
surface structures. It has been demonstrated that Cr2O3(100)
surface configurations are susceptible to local oxygen content and
oxygen partial pressure variations40–44, and a simple feature
matching approach might not be informative in this case. We
propose that when taking into account both the electronic and
geometric structure of the Cr-oxide rows and faceted Cr-oxide
features and their proximity to regions of segregated Cr(100), that
they are intermediate stages of Cr-oxide growth on the Ni–Cr(100)

surface. While we have assigned these two oxides to the overall
Cr-oxidation pathway, we are hesitant to be more definitive about
their stoichiometry and crystallography, hence the relatively
vague nature of their labels as “Cr-oxides.” This result is in
agreement with the generally reported observation that Cr2O3

growth on Ni–Cr alloys are slower than the formation of NiO
during the initial stages of oxidation8,9,45.

Ni oxidation pathway
The oxidation pathway leading to NiO nucleation and growth
begins at the alloy step edges, presenting as a NiO–NiCr(7 × 8)
superlattice, and as oxidation progresses the terraces become
saturated with the NiO–NiCr(6 × 7) superlattice as a consequence
of a cube-on-cube epitaxy7. As the total oxide coverage increases
small areas of second and third layer NiO begin to appear. Figure 6a
displays the topography image of the NiO after 18 L of oxygen
exposure, and an image inset shows the emerging next layer. This
layer is always seeded along with the NiO–NiCr(6 × 7) superlattice
groove site. Small spherical protrusions can be seen between
these grooves, as indicated by white arrows in the topography
image, Fig. 6a, and could represent the nuclei of next layer growth.
A line scan across these features is included in Supplementary Fig. 5.
Indeed, the superlattice sites—grooves and top sites—differ
subtly in the electronic structure of the valence band, which is
seen in the grid STS DOS (density of states) map summarized in
Fig. 6b. This figure was formatted from the spectroscopy results
and is shown for Vslice=−2.7 eV. The variation in DOS across the

Fig. 5 Cr-oxide features and growth. Topography images of the Cr-oxide rows (a) and (b) and faceted Cr-oxide feature (c), tentatively
assigned to the Cr-oxide pathway (detailed discussion of assignment in the text). The STS curves of each of these features are shown in (d)–(f).
The STS for the p(2 × 2) and oxide rows in (d) and (e) were both recorded from their respective regions marked in the image (a). A close-up of
the normalized spectra near the Fermi energy is included in (d) and a band gap distribution of the Cr-oxide rows is shown in (e). The STS for
the faceted Cr-oxide, (f), was measured in the region marked in topography image (c). Image (a) was measured at Vbias=−3.0 V, It= 0.1 nA,
while images (b) and (c) were measured at Vbias=−3.0 V, It= 0.05 nA. All scale bars are 10 nm. All error bars were calculated using
standard error.
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surface reflects the registry of the superlattice: averaged STS point
spectra (~20 curves) comparing the groove sites (black dot) with
the top sites (red dot) are shown in Fig. 6c and illustrate that the
local variation in the local density of states (LDOS) is tied to
differences in the valence band. The dI/dV curves indicate a
2 ´ 10�3 nA V�1 relative decrease in the differential conductance
at the groove site as compared to the top site. The corresponding
band gap values from the entire LDOS map are summarized in
Fig. 6d, and a visualization of the corresponding band gap map
can be found in Supplementary Fig. 6, along with a valence band
maximum map. The majority of the spectra yield a band gap of
about 3.5 eV, however, the distribution is relatively broad. The
electronic structure of the NiO across the superlattice is
heterogeneous and signifies chemical differences imprinted by
bonding at the NiO and Ni–Cr(100) interface. We propose that the
preference for the initial nucleation of the next NiO layer at the
groove sites is connected to local electronic structure variations
and preferential diffusion paths for Ni created within the
superlattice structure.

DISCUSSION
A general oxidation model is presented in Fig. 7, where the
oxidation pathways of the Ni and Cr are partitioned and described
over three stages. The oxidation of Ni–Cr(100) surfaces have
revealed the nucleation and growth of NiO begin at the step
edges, while Cr-rich oxide particles form on the terraces (stage 1).
As oxygen exposure increases, NiO grows laterally, across the
terraces, and a chromium-rich phase nucleates and grows on the
surface, which is (partially) covered in Cr(100)–O adlayers
triggered by local Cr-segregation (stage 2). Further oxidation
causes the Ni–Cr(100) surface to become saturated with oxide and
the NiO begins to grow vertically, primarily via the transport of Ni
cations through the groove site in the superlattice, while the Cr-
oxide grows into the alloy as subsurface Cr-oxide layers begin to
form8.
The early-stage oxidation of Ni–Cr(100) alloy surfaces leads to

structural and compositional changes along the alloy surface. After
7 L of O2 exposure at 500 °C, changes in surface free energy
initiate step-edge faceting via the growth of NiO wedges, low-

Fig. 7 A model for early-stage Ni–Cr(100) oxidation at 500 °C.
Each stage of the oxidation process is highlighted with a diagram
showing the evolution of each oxide product on the surface after
low dosages of oxygen exposure, which increases from stage 1 to
stage 3.

Fig. 6 Electronic heterogeneity of the NiO superlattice. Panel (a) is the topography image of the NiO–NiCr(100) superlattice structure and (b)
the corresponding normalized dI/dVmap (proportional to LDOS) at Vslice=−2.7 V. The image inset in (a) shows the orientation of the next NiO
layer and is from a Ni–12 wt%Cr(100) sample shown here for comparison (image size 20 × 20 nm2). The white arrows point to small protrusions
in the NiO positioned over the groove site of the superlattice. The red and black dots in the LDOS map represent the superlattice top site and
the groove site, respectively, where the average, normalized dI/dV spectra shown in (c) were acquired. The inset above the normalized spectra
shows the difference in the differential conductance of the respective sites. Panel (d) is a distribution of the band gap values extracted from
the entire LDOS map shown in (b). Imaging conditions: (a) Vbias= 2.0 V, It= 0.1 nA, and the inset at Vbias=−1.0 V, It= 0.1 nA. The scale bar is
10 nm. The error bars in (c) were calculated using standard error.
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angle grain boundaries that mitigate strain at the oxide–alloy
interface represented by the NiO–NiCr(7 × 8) superlattice, and the
formation of oxide particles along the terraces and some of the
step edges. At low partial pressures of O2, these oxidation
pathways will depend greatly on the adsorption of oxygen, which
will be influenced by the d-bands of the Ni and Cr12,33,46–48.
Recently, it has been shown that Cr hybridizes more readily with
the oxygen on Ni–Cr surfaces12,33. These electronic effects
enhance the propensity for oxygen adsorption at the Cr sites,
supporting the assumption that the oxide particles on the Ni–Cr
(100) surface are likely Cr-rich. Similar particles have also been
observed on Cr(110) surfaces32, further bolstering this assignment,
which indicates these clusters are a function of Cr concentration
and local chemistry, not of crystallographic orientation. As such,
the local clustering and bonding of Cr atoms at or near the surface
are important for initiating the growth of a passive layer on Ni–Cr
alloys. This behavior contrasts NiO growth, whose formation is
favored by epitaxy.
The distribution of Cr across the first two planes of a Ni–Cr(100)

surface was evaluated using a MATLAB code, where Cr cluster
sizes >5 atoms increased significantly at about 15 at%Cr (~13 wt
%). Given the size and shape of the oxide particles measured with
our STM after 7 L, we can assume that the oxide particles are likely
initiated on the filamentous Cr clusters, i.e., “strings” of Cr clusters.
As a reaction to the initial O-adsorption event, the local Cr
diffusion is favored through a chemical potential gradient and
leads to the formation of clusters. While their formation is driven
by the presence of Cr, they certainly can contain some Ni as a
minor component.
After additional oxidation (14 L cumulative), as well as at stage 3

of the oxidation model, the NiO extends across the terraces and
presents as a NiO–NiCr(6 × 7) superlattice. At these stages, the
oxide particles are no longer visible. The oxide clusters are
thermally stable7 but transform into the (chemisorption) oxygen
adlayers during continued exposure, lowering the surface free
energy and wetting the alloy surface. A variety of new surface
structures with variable electronic signatures are now present.
These have been observed on Ni–Cr(100) surfaces with smaller Cr
content, but are only marginally related to surface structures on
the corresponding pure metal surfaces. These chemisorbed
adlayers are interpreted as metastable oxide phases, but their
structures could not yet be resolved despite atomic resolution
imaging (Supplementary Fig. 2). The large number of coexisting
surface phases, which often only manifest at specific oxygen
coverage and exposures, makes a conclusive structure resolution a
daunting task.
With continued oxidation (18 L cumulative) the next layer of

NiO has started to form, always propagating from the superlattice
groove of the layer below. The electronic signature of the NiO
superlattice, and specifically the valence band edge, is modulated
following the geometry of the superlattice is a consequence of the
registry at the NiO–NiCr interface. The next layer of the
superlattice is always offset by half a superlattice cell and the
grooves emerge as preferential nucleation sites. Distinct Cr(100)-p
(2 × 2)O regions are also detected at this exposure and are
identified by their geometric spacing and mostly metallic
electronic signature. Adjacent to the p(2 × 2) regions, Cr-oxide
rows and faceted Cr-oxide regions are observed. The Cr(100)-p
(2 × 2)O reconstruction is found to form prior to the growth of a
passive Cr-oxide layer and confirms the presence of BCC Cr(100)
phase-separated regions. These regions are embedded in the alloy
surface and serve as nucleation centers for Cr-oxide growth.
Always adjacent to these segregated regions are Cr-oxide rows
interpreted as an intermediate stage of chromia growth preceding
the formation of a closed Cr-oxide layer. The faceted oxide
regions, also attributed to the Cr oxidation pathway, are similarly
found near phase-separated Cr(100) regions and are assigned to
the advanced stages of Cr-oxide growth. The reaction pathway

towards the passive chromia layer is then described as a
progression from BCC Cr(100)→ Cr(100)-p(2 × 2)O→ Cr-oxide
rows→ faceted Cr-oxide. These results support the formation of
phase-separated BCC Cr(100) layers on the surface which
predicate the formation of a passive chromia layer on Ni–Cr(100).
The oxide growth kinetics can be described with well-known

kinetic functions, which are applicable once a full oxide layer has
formed. Once this stage has been reached the relevant reactions
for oxide thickening such as cation diffusion, vacancy motion, or
O-diffusion from the surface to the oxide–metal interface control
the oxidation kinetics. In the very early stages of oxidation covered
in our work, different parts of the sample will express different
kinetics—for example, initially, the motion of the NiO growth front
is likely dominated by the capture of oxygen atoms, which transfer
from the chemisorbed to the ionically bonded state, whereas the
transition from Cr–O reconstructions to Cr-oxide is governed by a
different set of reactions. Therefore, which reactions control the
overall kinetics and rates will depend on the individual oxide
species and their reactive pathway. These will need to be
considered in more detail, and piecewise kinetic functions
developed, to understand how passivation initiates at these early
stages of oxidation.
The oxidation pathways of Ni–Cr alloys have been investigated

by studying the evolution of partial surface oxides on a Ni–15 wt%
Cr(100) sample. In this compositional space, the crystal structure of
the alloy consists of a random solid solution of Cr atoms within an
FCC Ni(100) lattice, however, the progression of the Ni and Cr
oxidation pathways drive changes to the crystal structure and
chemistry of the Ni–Cr alloy surface. Step-edge faceting was
observed where NiO growth initiated, while step edges with Cr-rich
oxide particles remained curved. As oxidation progressed the
surface phase separation of BCC Cr(100) is confirmed via the
observation of a Cr(100)-p(2 × 2)O reconstruction. Neighboring
these regions several areas with what is currently interpreted as Cr-
oxide rows, and faceted Cr-oxide features were found, each
displaying a unique electronic signature. As the alloy surface
became increasingly saturated, next layer NiO growth initiated at
the groove of the superlattice, which displayed electronic
heterogeneity imprinted by the alloy–oxide interface. Under-
standing the oxidation pathways of partial oxide layers on Ni–Cr
(100) alloys has given insight into the manner in which binary alloy
systems undergo passivation within the pre-Cabrera–Mott regime.

METHODS
Experimental
Each step of the oxidation experiment was conducted in situ under UHV
conditions using an Omicron Nanotechnology Variable Temperature
Scanning Probe Microscopy (VT-SPM) system. The base pressure during
measurements was kept at 3.0 × 10−10 mbar and imaging was conducted
with an electrochemically prepared tungsten tip at ambient temperature.
Using electron beam evaporation, the Ni–15 wt%Cr(100) thin film was
grown using Ni (Alfa Aesar 99.999% purity) and Cr (American Elements,
99.95% purity), which were deposited on pretreated MgO(100) single
crystal substrates30. Prior to the alloy thin film growth, the deposition rates
of the Ni and Cr were measured using a quartz crystal monitor to
accurately adjust the film composition. The deposition of the Ni–15 wt%Cr
(100) thin-film followed the procedure reported previously30. The starting
alloy surface was found to have wide round terraces and the cleanliness
and metallicity of the surface are confirmed by STS, Supplementary Fig. 7.
Oxygen was introduced through a sapphire leak valve while the Ni–Cr(100)
sample was held at a constant elevated temperature of 500 °C and once
the sample had cooled, the alloy surface was imaged at each oxidation
step. Oxidation steps of +7 L (p[O2]= 7 × 10−9 mbar, t= 1330 s), +7 L (p
[O2]= 7 × 10−9 mbar, t= 1330 s), and +4 L (p[O2]= 4 × 10−9 mbar, t=
1330 s), for a cumulative of 18 L of O2 exposure, were used to achieve
partial oxide growth on the surface. One L (Langmuir) corresponds to 1 s
exposure at 1.33 × 10−6 mbar of p[O2] and is equivalent to a monolayer of
adsorbed molecules assuming a sticking coefficient of one. The composi-
tion of the alloy film was verified ex situ by energy dispersive spectroscopy
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with a Quanta LV650 scanning electron microscope where the composition
at five different spots on the film surface was averaged and a standard
deviation of 0.38 wt% calculated from these results.
The surface topography and LDOS of the sample were measured before

and after oxidation by STM and STS. The grid spectra were captured by
sweeping the bias voltage (Vbias) from ±3.0 V and measuring an I/V curve
for every fourth image pixel with an open current feedback loop.
Simultaneously, the topography information was recorded for the next
three pixels, where the tunneling current (It) was set at It= 0.1 nA and a
bias voltage Vbias= 3.0 V was used. The I/V curves were numerically
differentiated to generate dI/dV curves, which are then normalized by (dI/
dV)/(I/V) following the procedure described by Feenstra et al.49,50. The
band gap was numerically determined from the normalized curves, by
calculating the region where (dI/dV)/(I/V) is smaller than a threshold value,
i.e., where the DOS is effectively zero, and distributions of valence/
conduction band extrema and band gap values were generated from
these data. The (dI/dV)/(I/V) spectra are then spatially resolved by selecting
a specific voltage slice (e.g., Vslice=−2.7 V) to highlight the contrast in local
electronic structure at that particular voltage and displayed as a DOS map.
This allows for the direct comparison between topography and electronic
structure. Prior to the display and analysis of the topography images, each
surface was leveled by mean plane subtraction and planarization using the
post-processing software Gwyddion51. A MATLAB code implementing
routines for gray-scale segmentation was also used to analyze some of the
surface features and is highlighted in Supplementary Fig. 8.

Monte Carlo simulation
To better understand the clustering of Cr atoms within the Ni lattice, an in-
house MATLAB code was written that modeled the first two surface planes
of the lattice and identified clusters of adjacent Cr atoms. Matrices were
used to represent atom planes of the (100) surface and a random number
generator probabilistically assigned a 1 (Cr) or 0 (Ni) to each position in a
square matrix corresponding to the atomic coordinates of an FCC Ni lattice
(Supplementary Fig. 1). Two such planes were created representing the (i)
top surface plane and (ii) the plane below the surface, properly offset to
simulate an FCC (100) surface. Inter-atomic forces are not taken into
account, so the occupation of each site is random, and the formation of
clusters is therefore only a consequence only of probability. Clusters of Cr
atoms were identified by finding Cr atoms and recursively checking all
adjacent positions (eight positions in the same plane and four in the other
plane) for other Cr atoms until no more are found. These clusters were
then categorized by size (i.e., the number of Cr atoms in the cluster) and
visualized via subroutines in the code. No distinction was made between
Cr atoms that were adjacent laterally, diagonally, or from different planes,
and a periodic boundary condition was used to eliminate edge effects.
Only the Cr atoms in the top two (100) planes were considered, but the
program mandated that at least one Cr atom in each cluster must be on
the top surface plane to be counted since this is interpreted as the primary
reaction site (Supplementary Fig. 1).
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