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ABSTRACT: The interaction of oxygen with Ni−Cr(100) alloy
surfaces is studied using scanning tunneling microscopy (STM)
and spectroscopy (STS) to observe the initial steps of oxidation
and formation of the alloy−oxide interface. The progression of
oxidation was observed for Ni(100) and Ni−Cr(100) thin films
including Ni−8 wt % Cr(100) and Ni−12 wt % Cr(100), which
were grown on MgO(100) in situ. These surfaces were exposed
to between 1 and 150 L O2 at 500 °C, and additional annealing
steps were performed at 500 and 600 °C. Each oxidation and
annealing step was studied with STM and STS, and differential
conductance maps delivered spatially resolved information on
doping and band gap distributions. Initial NiO nucleation and
growth begins along the step edges of the Ni−Cr alloy accompanied by the formation of small oxide particles on the terraces.
The incubation period known in oxidation of Ni(100) is absent on Ni−Cr alloy surfaces illustrating the significant changes in
surface chemistry triggered by Cr-alloying. Step edge faceting is initiated by oxide decoration along the step edges and is
expressed as moire ́ patterns in the STM images. The surface oxide can be characterized by NiONi(6 × 7) and NiO−Ni(7 × 8)
coincidence lattices, which have a cube-on-cube epitaxial relationship. Small patches of NiO are susceptible to reduction during
annealing; however, additional oxide coverage stabilizes the NiO. NiO regions are interspersed with areas covered
predominantly with a novel cross-type reconstruction, which is interpreted tentatively as a Cr-rich, phase-separated region.
Statistical analysis of the geometric features of the surface oxide including step edge heights, and NiO wedge angles illustrates
the layer-by-layer growth mode of NiO in this pre-Cabrera−Mott regime, and the restructuring of the alloy−oxide interface
during the oxidation process. This experimental approach has offered greater insight into the progression of oxide growth in
Ni−Cr thin films and underscores the dramatic impact of alloying on oxidation process in the pre-Cabrera−Mott regime.

KEYWORDS: Ni−Cr alloy, oxidation, NiO, coincidence lattice, scanning tunneling microscopy, scanning tunneling spectroscopy,
surface reactivity

■ INTRODUCTION

The complex processes that govern the reactions of molecular
oxygen and corrosive solutions with transition metal alloys are
of high technical relevance and have garnered significant
interest for many decades.1−9 The economic cost of materials
breakdown due to corrosion and oxidation is staggering, and
hence corrosion resistance is an important design parameter
for technical alloys. The study of corrosion processes, including
dry as well as aqueous corrosion reactions, is motivated by the
need to reduce the overall economic burden incurred by
materials degradation. A large body of work exists on
performance, passivation, and breakdown of the oxide layers,
but attention has turned only recently to the initial steps in
alloy oxidation and, most importantly, formation of the alloy−
oxide interface.1,7,9−11 These initial reactions bias the
continued growth of the protective oxide scale and therefore
critically influence its passivity and performance. A mechanistic
understanding of initial reactions steps and the formation of
the alloy−oxide interface is therefore indispensable to future
alloy design.

The initial reaction steps are complex, and synergistic
interactions between the alloying elements and oxygen are at
the heart of understanding the alloy-to-oxide transformation.
Our work targets Ni−Cr alloys, which possess excellent
mechanical properties and high degree of corrosion resistance,
and have practical application in an array of industrial and
military systems. The structure and composition of the oxide
layer, which includes Ni- and Cr-oxides, are highly sensitive to
composition, temperature, and crystallographic orienta-
tion.12−14 A deeper understanding of the relationship between
initial oxide formation, oxide growth, and properties is
therefore important to engineer passive layers and future alloys.
To study the subtleties that govern the initial nucleation and

growth of surface oxides, scanning tunneling microscopy/
spectroscopy (STM/STS) is employed to gain insight into the
evolution of oxide layers on Ni(100) and Ni−Cr(100) thin-
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film surfaces as they are exposed to O2.
1,2 The work presented

in this article covers temperatures of 500 and 600 °C where the
competition between Ni- and Cr-oxide formation is significant,
and high-quality extended crystalline layers and interfaces are
formed. In contrast, recent work modeled the oxidation of Ni−
Cr(100) at 300 °C, a relatively low temperature where Cr-
supply from the bulk is severely limited, and short-range
surface diffusion controls oxidation.11

Cabrera−Mott and Wagner’s theory are models that are
frequently used as the basis to describe the growth of oxide
layers, and are suitable to understand the growth kinetics of
oxide layers across different length scales.1,16−18 Cabrera−Mott
theory is applied to describe the growth kinetics of oxide layers
that range from about 1 to 10 nm in thickness. The growth of
the oxide film is dominated by ion transport through the layer,
which is driven by the electric field between the oxide−metal
and gas phase/adsorbate−oxide interfaces. This interaction
controls oxide growth until a limiting thickness is reached, and
the electric field is diminished.1,16,18 Once the oxide reaches
this limiting thickness, Wagner’s theory, which assumes a net
charge neutral diffusion of ions and a field arising via ambipolar
diffusion through the oxide, is suited to understand the growth
rate.19 Both of these models assume that film growth is planar
and homogeneous across the surface; however, the initial
stages of growth before a complete oxide layer is formed are
not fully understood. To this end, the present study specifically
considers the transition from alloy to oxide during a growth
regime prior to the Cabrera−Mott regime tentatively termed
the “pre-Cabrera−Mott regime”, by capturing the initial stages
of Ni(100) and Ni−Cr(100) thin-film oxidation. Our report
aims to gain a better understanding of the oxidation pathways
for Ni(100), Ni−8 wt % Cr(100), and Ni−12 wt % Cr(100) at
temperatures of 500−600 °C, and the formation of the alloy−
oxide interface.
The oxidation of Ni−Cr alloys is governed by the competing

formation of NiO, Cr2O3, and mixed oxides such as NiCr2O4.
Temperature, alloy composition, crystallographic orientation,
and partial pressure of oxygen all influence the reaction
pathways and consequently the oxide products.1,6,7,13,14,20−25

In general, the oxidation of Ni−Cr below 700 °C, and for
alloys with less than 20 wt % Cr, begins with the formation of
NiO, which is generally attributed to the lower activation
barrier for nucleation on a cube-on-cube epitaxy for the rock-
salt structure. NiO therefore dominates the initial oxide layer,
and Cr2O3 subsequently forms at the alloy−oxide interface by
internal oxidation.1−3,26 A consequence of this reaction
sequence is a layered oxide structure. A limited supply of Cr
in the Cr-poorer alloys impedes the formation of a continuous
Cr2O3 layer thus diminishing the oxide’s protective function.
In this work we use Ni(100) and Ni−Cr(100) alloy surfaces

as model systems. The oxidation of Ni(100) itself is a rather
peculiar process: dissociative chemisorption of O2 leads to the
formation of p(2 × 2)O and then c(2 × 2)O reconstructions
which are followed at room temperature by the nucleation of
oxide at the step edges.27−31 However, at elevated temper-
atures the formation of NiO is delayed, and increasingly large
oxygen exposures are required for its nucleation. Following the
work by Kopatzki et al.27 the incubation period can be
attributed to the loss of preferential nucleation sites at the step
edges due to faceting into {100} segments, which is driven by
the reconstruction and achieved by the increased adatom
mobility at higher temperatures. The NiO nucleation on
Ni(100) relies on the availability of step edge nucleation sites,

while nucleation on the terrace is suppressed. As a
consequence, the Ni(100) surface requires relatively large
doses of O2 to initiate oxide formation.27−29,32

The oxidation of Cr(100) progresses via a Cr(100)−c(2 ×
4)O chemisorbed structure followed by the formation of
Cr2O3 when the Cr surface is oxidized and subsequently
annealed.33−37 Oxidation of Cr(100) at room temperature
starts with the formation of p(1 × 1)O ad-layers, where the O
atoms are incorporated into in the 4-fold-site on the Cr(100)
bcc lattice. This ad-layer is accompanied by small domains of a
(√5 × √5)R27° subsurface vacancy structure showing at
most short-range ordering of vacancies and not the long-range
ordering of missing row reconstructions.37 The p(1 × 1)O
surface is structurally identical to a single layer of CrO, a
surface stabilized oxide with NaCl structure where the O atoms
are fully integrated in the top metal layer. It is still unclear how
the transformation from the CrO layer into the Cr2O3 oxide is
achieved at the atomic scale. In contrast, Cr-atoms in Ni−Cr
are embedded in an fcc bonding environment further
complicating comparisons to the pure elements. The different
reaction pathways between Ni(100) and Cr(100) surfaces raise
the expectation that alloying results in a unique oxidation
process that differs from the pure metals.
In a recent study we followed the initial steps in the

oxidation of a Ni−5 wt % Cr(100) thin film at temperatures of
300 °C, which is in the regime of very limited bulk Cr-
diffusivity.11 This is a relatively low temperature for Ni−Cr
oxidation and, in contrast to the present study performed at
500 and 600 °C, did not yield a high-quality crystalline oxide
layer. The oxide islands grew to a critical height, propagated
laterally, and eventually formed a near complete oxide layer.
The initial growth of the surface oxide islands was shown to be
controlled by short-range oxygen diffusion and was modeled
using a screening length of only a few nanometers, which
suggests that growth and coalescence are localized to the edge
of the oxide island.
The work presented here focuses on the comparison

between Ni(100), Ni−8 wt % Cr(100), and Ni−12 wt %
Cr(100) oxidation at 500 °C using Ni−Cr(100) thin films
grown under ultrahigh vacuum conditions on MgO(100).38

These alloy compositions and oxidation conditions favor NiO
formation, and enable us to isolate the impact of Cr on the
surface reactions within the pre-Cabrera−Mott regime. The
evolution of surface oxides, and the alloy−oxide interface is
measured using STM and STS, which deliver the geometric
and electronic structure of the surface. We present a detailed
analysis of the NiO−alloy interface and the evolution of
surface oxides on Ni−Cr(100), and use STS to capture local
variations in electronic structure and doping. The oxidation of
this binary alloy relies on the intricate interplay between the
chemistry of two highly reactive elements. The study of unique
and often synergistic reaction pathways, as well as the
geometric and electronic properties of ultrathin oxides and
interfaces, will contribute to understanding how to improve the
quality of passive layers on alloy surfaces.

■ EXPERIMENTAL METHODS
The oxidation experiments were conducted under ultrahigh vacuum
(UHV) conditions using an Omicron Nanotechnology variable
temperature scanning probe microscopy (VT-SPM) system. A
tungsten tip was prepared electrochemically and used for all
experiments discussed herein. The base pressure was 2.5 × 10−10

mbar, and imaging was done at ambient temperature. All metal thin
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films were deposited on MgO(100) single crystal substrates that had
undergone pretreatment outlined in ref 38. Ni (Alfa Aesar 99.999%
purity) and Cr (American Elements, 99.95% purity) were deposited
on these MgO(100) substrates by electron beam evaporation using a
Mantis EV mini e-beam quad-source. The deposition rates of Ni and
Cr were measured using a quartz crystal monitor to accurately adjust
the film composition. The deposition of Ni and Ni−Cr thin films
followed the procedure developed previously.38 The Ni−8 wt %
Cr(100) and Ni−12 wt % Cr(100) alloys were deposited at a
substrate temperature of 400 °C. The composition of the Ni−Cr thin
films was verified ex situ, after experimentation, by energy dispersive
spectroscopy (EDS) with a Quanta LV650 scanning electron
microscope (SEM). Oxygen was introduced through a sapphire leak
valve, and all oxidation experiments were performed at 500 °C to
form a crystalline oxide layer. The Ni(100) and Ni−Cr(100) surfaces
were imaged immediately after deposition, and then after all oxidation
and annealing steps as summarized in Table 1. STM and STS were
employed to gain insight into the surface topography and local density
of states (LDOS) for all deposition and reaction steps. The spectra
were recorded by measuring an I/V curve for every third image pixel
with an open feedback loop, while topography information was
recorded for the next two image pixels with a closed feedback loop set
to a tunneling current of 0.1 nA and a bias voltage of 3.0 V. A voltage
range of ±3.0 V was used for the STS spectra.
The data from the STS measurements were formatted into density

of state and band gap maps using a MATLAB code. This was
accomplished by numerically differentiating the I/V curves to

generate dI/dV curves. These were then normalized by I/V and
expressed as (dI/dV)/(I/V) curves following the procedure described
by Feenstra et al.39,40 Once normalized, the band gap of each curve
was numerically determined by calculating the region where (dI/dV)/
(I/V) is smaller than a threshold value, i.e., where the DOS is very
close to zero. This approach was particularly well-suited for the
analysis of a large number of data points. The distributions of
valence/conduction band extrema and band gap values were
generated from these data. The tangent method for determining the
band gap, which takes into account variations in DOS slope at the
band edges, was used when a smaller number of data points was
considered and is illustrated in the Supporting Information, section
S1. The differences between the two methods were generally very
small in this materials system and confirmed the correct use of a
threshold value for large data sets. The (dI/dV)/(I/V) spectra were
then displayed as spatially resolved DOS and band gap maps,
respectively, which allows for a direct comparison between top-
ography and electronic structure. Prior to display and analysis of the
topography images, each surface was leveled by mean plane
subtraction and planarization. The use of these corrections is
illustrated in the Supporting Information, section S2, and only values
not skewed by image processing are used in the subsequent analysis of
step heights and other geometric features.

Table 1. Summary of Oxidation and Annealing Stepsa for All Alloys

alloy composition oxidation En, annealing An T [°C] p(O2) [mbar] cumulative exposure [L] (individual exposure step)

(i) Ni(100) E1 500 °C 2.0 × 10−8 mbar 50 L (+50 L)
E2 500 °C 6.0 × 10−8 mbar 200 L (+150 L)
E3 500 °C 9.0 × 10−8 mbar 500 L (+300 L)

(ii) Ni−8 wt % Cr E1 500 °C 2.0 × 10−9 mbar 1 L
E2 500 °C 1.0 × 10−8 mbar 10 L (+9 L)
E3 500 °C 5.9 × 10−9 mbar 15 L (+5 L)

(iii) Ni−12 wt % Cr E1 500 °C 8.6 × 10−9 mbar 7 L (+7 L)
A1 600 °C annealed 1800 s
E2 500 °C 8.6 × 10−9 mbar 14 L (+7 L)
A2 500 °C annealed 1320 s
A3 600 °C annealed 1320 s
A4 600 °C annealed 5400 s

aAll experiment and processing steps for a given alloy were completed within 24 h of alloy deposition.

Figure 1. Topography images showing the progression of oxidation for Ni(100) (A−D), and Ni−8 wt % Cr(100) (E−H). The oxidation and
annealing steps are indicated in the figure, and summarized in Table 1. The image insets in parts C and G are 14 × 14 and 50 × 50 nm2,
respectively. The oxidation steps were all performed at 500 °C, and imaging conditions are Ubias = 2.0 V and It = 0.1 nA for all images in this series,
except parts A, E, and F which were taken at Ubias = 0.15 V and It = 0.5 nA.
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■ RESULTS
Figure 1 provides a comparison between the oxidation of
Ni(100) and Ni−8 wt % Cr(100) surfaces to illustrate the
impact of alloying on the oxidation process. Figure 1A shows
the as-deposited Ni(100) thin film, which has wide terraces
with curved step edges consistent with previous reports in the
literature.36 The first oxidation step, Figure 1B, initiated a
surface reconstruction, and the steps faceted into parallel {100}
segments. The step edge faceting can be attributed to the
dissociative chemisorption of O2 and formation of a c(2 × 2)O
reconstruction on the Ni(100) surface.27 Pure Ni(100) at very
low exposures adopts the p(2 × 2)O reconstruction with O
atoms positioned in the 4-fold hollow sites, and with increasing
exposure the center hollow site becomes occupied to form the
c(2 × 2)O structure. The inset in Figure 1C shows a high-
resolution image of the facet which is commensurate with the
c(2 × 2)O reconstruction. An average spacing of 0.44 ± 0.05
nm separates the rows in the image inset confirming the c(2 ×
2)O unit cell.
Reconstruction-induced step faceting removes reactive kink

sites causing the surface to become nearly inert against oxide
formation, which has been demonstrated in previous studies.27

Indeed, no oxide islands are seen in Figure 1C,D even after a
300 L exposure of O2 and is in stark contrast to the rapid
development of oxide on the Ni−Cr alloys. According to the
literature an oxygen exposure of at least 1200 L is required to
grow NiO at elevated temperatures on Ni(100) surfaces.28 The
activation barrier for oxide nucleation increases significantly on
faceted terrace edges compared to step edges with kink sites.
The c(2 × 2)O reconstruction-induced step edge faceting is
held responsible for the extended induction period toward
oxide formation.27 Our observations of the Ni(100) thin-film
surfaces are in agreement with the literature, and the behavior
of single crystal surfaces.27,28,30

Four dominant types of surface features are observed on the
alloy surfaces during oxidation and annealing, and their relative
abundance is determined by alloy composition, oxygen
exposure, and temperature. The parameter space covered in
the present article is summarized in Table 1. Some features can
be uniquely attributed to a specific oxide due to characteristic
structural or electronic signatures, while details of novel
reconstructions are observed but not yet fully understood. The
surface features in question are as follows:

(1) NiO in a NiO−NiCr(6 × 7)terrace or NiO−NiCr(7 ×
8)step coincidence lattices are seen in the STM images as
moire ́ patterns, and appear on the terraces and at step
edges, respectively. At higher oxygen exposure NiO
extends far onto the terrace, is observed on Ni−8 wt %
Cr(100) and Ni−12 wt % Cr(100), and has also been
reported for Ni(100) albeit at much higher oxygen
exposures.28

(2) Nanoscale oxide clusters tend to form early in the
oxidation process and are located on the terraces.

(3) Several different oxygen-induced reconstructions are on
the alloy surface and are distinct from any reconstruc-
tions reported for the pure metal surfaces.

(4) Oxide nodules are several nanometers in width and
length, and differ structurally and electronically from the
surrounding NiO. The nodules have a relatively large
apparent height that is highly dependent on bias voltage.
The nodules are tentatively assigned to either Cr2O3 or
spinel NiCr2O4 and are only observed on the Ni−12 wt

% Cr(100) alloy surface at later oxidation and annealing
steps.

The Ni(100) surface reaction is compared to Ni−8 wt %
Cr(100) oxidation shown in Figure 1E−H, which illustrates
the impact of dilute amounts of Cr-alloying on oxidation. The
pristine alloy surfaces consist of relatively large terraces up to
several 10 nm in width, and step edges with an average
apparent height of 0.17 nm ±0.01half the unit cell height of
Ni (aNi = 0.35 nm). The modulation of surface morphology as
a function of alloy composition is addressed in a previous
publication.38 The introduction of a small amount of oxygen, 1
L at 500 °C, did not induce an observable reaction, while a
cumulative exposure of 10 L (1 L + 9 L) in a second oxidation
step initiated the formation of oxide islands and nanoscale
clusters (Figure 1G). The oxide population is bimodal and
consists of small clusters on the terraces and extended oxide
segments along the step edges. The step edge oxide is NiO,
which forms a coincidence lattice due to the lattice mismatch
between Ni and NiO and is expressed as a characteristic moire ́
pattern in the STM images. The coincidence lattice is
discussed in detail later in this article. During the third
oxidation step depicted in Figure 1H the majority of the alloy
step edges are decorated with oxide (NiO) and display
faceting, which is consistent with the highly anisotropic surface
free energy of oxides.27,41 The oxide-induced step edge faceting
is reminiscent of the reconstruction-induced faceting for
Ni(100). The general evolution of surface features and oxides
follows the same trend for the Ni−8 wt % Cr(100) and Ni−12
wt % Cr(100) alloys, although the oxidation is more rapid for
the Ni−12 wt % Cr(100) alloyespecially the formation of
NiO advances at a faster pace for the same oxygen exposure
which is discussed in detail in the next paragraph. The
preferential formation of NiO over Cr2O3 is in agreement with
the work of Luo et al., who documented NiO layer growth on
Ni−10 atom % Cr alloys.6,7

The Ni−12 wt % Cr(100) alloy was oxidized and annealed
in several sequential reaction steps as illustrated in Figure 2
and summarized in Table 1. Figure 2A shows the surface prior
to oxidation.38 The first oxidation step (Figure 2B)
corresponds to reaction step E1 as defined in Table 1, and
leads to step edge decoration with NiO, and formation of an
abundance of nanoscale clusters on the terraces. This reaction
sequence is very similar to the Ni−8 wt % Cr(100) surface,
and differs only in the amount of NiO. NiO starts to grow into
the flat terrace as the oxygen exposure is increased. Line scans
of the oxide on the terrace reveal an average spacing of the
maxima of 2.50 ± 0.02 nm commensurate with the NiO−Ni(6
× 7) coincidence lattice along the [100] direction. The step
edge oxide shows a more compact pattern with 2.01 ± 0.07 nm
spacing measured edge-to-edge with respect to the repeat unit
in NiO. This corresponds to NiO−Ni(7 × 8) along the [110]
direction in both lattices. The Supporting Information includes
a detailed illustration of the measurement directions. The
increased NiO coverage in Ni−12 wt % Cr(100) in
comparison to Ni−8 wt % Cr(100) shows that NiO nucleation
and growth depends sensitively on the Cr content in the alloy.
The almost complete step edge decoration, and extended

coverage of the terraces with NiO−NiCr(6 × 7), is seen in the
reaction steps E2, A2, A3, and A4 (Figure 2D), which follow A1
(Figure 2C). A direct comparison of the surface after A2, A3,
and A4 is included in the Supporting Information, Figure S3.
Figures 6 and 7 show the surface after E2. All statistical analysis
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of coincidence lattices on terraces and steps, step heights, their
Ubias dependent behavior, as well as the electronic character-
istics of the different types of surface features has been
performed for images recorded after all oxidation and
annealing steps. While the abundance of the surface features
changes throughout the reaction sequence, their geometric and
electronic characteristics remain unchanged. For example, all
step edge NiO presents a NiO−Ni(7 × 8) coincidence lattice
independent of whether it is observed after reactions step E1 or
E4 for Ni−12 wt % Cr(100), or E3 for Ni−8 wt % Cr(100).
In the early oxidation steps the terraces are covered by

nanoclusters (Figures 2B and 3), which form a dense layer.
The relatively high cluster density precludes a reliable
measurement of the lateral size distribution due to tip
convolution effects. Distributions of apparent height are
therefore used for comparison and measured on 20 × 20
nm2 areas on the terraces. The height distribution is measured
as “apparent height above baseline” over the entire image with
identical image sizes for all three oxidation steps. The baseline
is defined as the positions with the smallest apparent height in
the pockets between the clusters for each terrace individually.
The baseline pockets might be the bare alloy, or an alloy with
chemisorbed oxygen, and it was not possible to identify their
chemical and bonding state unambiguously. The apparent
height distributions reveal rather shallow clusters with a
maximum around 0.12 and 0.21 nm for Ni−12 wt % Cr(100),
and Ni−8 wt % Cr(100), respectively. The poorly defined
cluster shape, and relatively large width of distributions, which
can stem from variations in topographic height as well as local
density of states, is commensurate with suboxides or
amorphous oxide with variable composition formed on the
surface of the random solid-solution Ni−Cr alloy. The

nanocluster height distributions for the two alloys are nearly
symmetric in the initial reaction step, although the average
cluster height is larger for Ni8 wt % Cr(100). We attribute
this larger apparent height to the higher cumulative oxygen
exposure. After the first 600 °C anneal step of Ni−12 wt %
Cr(100) the clusters appear to ripen, which is expressed by a
shift of the height distribution maximum to larger values and
an increasing population at larger height. The STS spectra
revealed a band gap for the nanocluster-decorated terrace
around 4.0 eV, but the lack of well-defined geometric structure
prevents attribution to a specific oxide.
The annealing step A1 at 600 °C (Ni−12 wt % Cr) leads at

the same time to the complete loss of step edge oxides (Figure
2C). The exposed alloy step edges revert to a more curved
morphology and are reminiscent of the initial alloy surface
shown in Figure 2A. Hence, step edge motion in Ni−Cr alloys
is relatively facile, and straight edges are stabilized by NiO. The
loss of step edge NiO can be attributed to a chemical reduction
due to either the reducing ultrahigh vacuum environment, or a
solid-state reaction with Cr where the reaction products
(Cr2O3 or NiCr2O4) are integrated in the nanocluster
population. Reduction of NiO by either reaction can be
facilitated by the abundance of undercoordinated edge sites
along the narrow strips of edge-oxide. The solid-state reaction
pathway is also known to drive the internal oxidation of Ni−Cr
in the later stages of the oxidation process.1,26

The second 7 L oxidation step at 500 °C (E2, cumulative
exposure of 14 L) drives a rapid increase in the NiO terrace
coverage that now envelops a large part of the surface. At the
same time nanoclusters, which previously dominated the
terraces, have dissolved. Additional annealing steps at 500 and
600 °C have a negligible impact on the surface structure and
only remove kinks in the edges of the NiO layer spreading over
the terrace (Supporting Information, section S3). The NiO
boundaries often coincide with minima in the moire ́ pattern
(Figure 2D, A4, final annealing step for Ni−12 wt % Cr) and
therefore appear to be the most-stable bonding site.

Figure 2. STM images captured for Ni−12 wt % Cr(100): (A) as-
deposited alloy surface, (B) after 7 L exposure at 500 °C, and (C)
subsequent annealing at 600 °C (A1 in Table 1). (D) Observed after
the final annealing step at 600 °C (A4 in Table 1). The complete step
edge decoration, and extended coverage of the terraces with NiO, is
seen in all samples after A1 corresponding to the reaction steps E2, A2,
A3, and A4. A direct comparison of the surface after A2, A3, and A4 is
included in the Supporting Information, Figure S3. Part B includes an
inset with a higher-resolution view of the step edge oxide, and part D
shows an inset with the cross-type reconstruction. Imaging conditions
were Ubias = 2.0 V and It = 0.1 nA.

Figure 3. Apparent height distributions of the oxide particles on the
terraces for images A−C. Distributions and images are from the Ni−
12 wt % Cr(100) sample after (A) 7 L of O2 exposure and (B) 600 °C
anneal. The distribution from image C corresponds to Ni−8 wt %
Cr(100) sample after a cumulative exposure of 10 L.
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The image inset in Figure 2D shows that parts of the surface
have undergone a surface reconstruction, which presents as a
distinct cross-type pattern when the empty states are probed
using Ubias > 2 V. The cross-type reconstruction is the
dominant reconstruction among three distinct chemisorbed
phases that are seen on the surface but have no exact
counterpart in either the pure Ni(100) or Cr(100) surfaces.
The analysis of the reconstructions with density functional
theory (DFT) calculations has not yet led to a unique
assignment and will be pursued in a future publication. We
propose that the cross-type reconstruction, which only forms
after the second annealing step, is created by transformation or
dissolution of the nanoclusters observed in the initial oxidation
step. The cross-type reconstruction is reminiscent of (√5 ×

√5)R27° bcc Cr(100), but has a unit cell that is twice as
large.37 The cross-type reconstruction might be a surface oxide,
or the first layer of NiCr2O4 or Cr2O3, and possibly includes an
ordered vacancy structure. It is tentatively interpreted as a
surface region with a relatively high Cr-concentration, which is
likely important for the nucleation of Cr2O3, and injection of
Cr-dopants into the NiO layer.8 Since surface diffusion is
significant for oxide growth at this stage, it is very likely that
regions with high Cr-concentrations lead to locally doped
oxides.42 The lateral inhomogeneity in the Cr-concentration is
hypothesized to play a critical role in connecting surface
chemistry and subsequent oxide layer growth.
In addition, the large oxide nodules appear after the second

oxidation step (E2) of Ni−12 wt % Cr(100) and are readily

Figure 4. Assessment of the NiO moire ́ pattern and coincidence lattice measured for Ni−12 wt % Cr(100) after a cumulative oxygen exposure of
14 L and annealing at 500 °C (step A2 as classified in Table 1). Images A and B were measured at −2.0 V and 0.1 nA. Height and distances were
measured at the same image feature, which was recorded at different bias voltages maintaining a feedback current of 0.1 nA. The peak spacing (line
1) is acquired on the NiO moire ́ pattern; the height distributions are measured across line 2 NiO−NiO, and line 3 NiO-reconstruction. (C) Model
of the 6 × 7 NiO−Ni cube-on-cube coincidence lattice. (D) Corresponding line scan along line 1.

Figure 5. (A, B) Selection of oxide wedges after processing steps E1 and A2, respectively, for the Ni−12 wt % Cr(100) sample. The arrow in image
B marks secondary wedges, which do not span the entire step edge. (C) Model of the (7 × 8) coincidence wedge structure with the dislocation
plane introduced in the underlying substrate to support tilt in each wedge. (D) Summary of the spacing of the intensity maxima in the moire ́
structures across a large number of wedges from all different experimental steps for the Ni−12 wt % Cr(100) sample. (E) Representative line scan
across a wedge marked in image B by a red line. Both images are 50 × 50 nm2 with 2.0 V and a feedback current of 0.1 nA.
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apparent in Figure 2D. Their long axis is along the [100] and
[010] directions with respect to the Ni−Cr(100) and
NiO(100) surfaces. The apparent height of the nodules is
extremely sensitive to bias voltage, which is shown in the
Supporting Information, section S4.
The NiO coincidence lattice, which figures so prominently

in many of the images, is seen in the STM images as moire ́
patterns with a square symmetry due to cubic crystal structure
of Ni and NiO. A detailed view of terrace and wedge (or step
edge) NiO is given in Figures 4 and 5. Figure 4 addresses the
coincidence lattice on the terrace, and Figure 5 describes the
compressed wedge-like coincidence lattice across the step
edges. Figure 4 shows the terrace-NiO obtained after a
cumulative O2 exposure of 14 L on the Ni−12 wt % Cr(100)
sample and a 500 °C anneal period (step A2 as classified in
Table 1). The peak spacing is on average 2.50 ± 0.02 nm and
shows little variation with modulation of Ubias (Figure 4A). A
representative line profile for Ubias = −2.0 V is shown in Figure
4D. Based on the peak spacing a cube-on-cube epitaxial
relationship between the Ni−Cr alloy and NiO is confirmed.
With aNi = 0.35 and aNiO = 0.402 nm from the lattice
parameter determine by atomic resolution transmission
electron microscopy (TEM),7 a coincidence lattice with the
unit NiO−NiCr(6 × 7) yields a period of approximately 2.4
nm. If the generally accepted NiO(100) spacing of 0.417 nm is
used, a value of about 2.5 nm is expected and is in even closer
agreement with our measured peak spacing of 2.50 ± 0.02 nm.
While there is evidence that the NiO(100) grown on dilute
Ni−Cr(100) alloys has a lattice spacing of 0.402 nm, the lattice
constant of dilute Ni-Cr alloys is nearly identical to that of
Ni.43,44 Given this, a model for the Ni−NiCr(100) coincidence
lattice is proposed in Figure 4C. As a side note, the
chemisorbed structure (or reconstruction) at the end point
of line scan 2 (Figure 4B) shows a square lattice.
The apparent height of the NiO steps between NiO−NiO

and NiO−NiCr with chemisorbed oxygen (oxygen-induced
reconstruction) is summarized in Figure 4B. The apparent step
height NiO−NiO layer is 0.19 ± 0.01 nm and corresponds to
the growth of NiO in layers of half unit cells (two atomic
layers), and the coincidence lattice signature is conserved for
several layers minimizing biaxial strain. Several (6 × 7) unit
cells are marked in Figure 4A. and are offset by half a (6 × 7)
unit cell across a step edge. On the other hand, the apparent
step height measured between the first layer chemisorbed
phase on Ni−Cr and NiO depends sensitively on the bias
voltage and nearly doubles to reach 0.44 nm at Ubias = +4.0 V.
At this bias voltage the antibonding p-states of the NiO15 are
probed, while the contributions from the chemisorbed domain
are not yet understood. The tunneling current from NiO and
the chemisorbed domains do not follow the same bias-voltage
dependence, which leads to the strong variation in apparent
step height between them. A future DFT calculation of the
chemisorbed domains should provide the requisite LDOS and
allow for a quantitative interpretation. Figure 6 includes STS
spectra from both regions and underscores the differences in
the LDOS between them.
Figure 5A,B shows in more detail the NiO at the step edges,

which presents as wedgelike structures first reported by
Baümer et al.28 NiO nucleates first at the step edges and
grows subsequently into the top and bottom terraces. The
average spacing of the moire ́ maxima measured along the
wedge incline (taken along the [110] and [11̅0] directions) is
2.01 ± 0.07 nm and has an angle of 3.6−5.3° with respect to

the [001] direction (Figures 5D). This reduced periodicity
corresponds to a NiO−NiCr(7 × 8) coincidence lattice, where
the (110) lattice planes match at the aforementioned
coincidence site. The wedge angle is achieved by introducing
additional half-planes at the Ni−Cr(100)−NiO interface as
shown schematically in Figure 5C, and the geometric structure
of the interface stabilizes a narrow range of wedge angles.
These sites accommodate NiO formation by creating low-angle
grain boundaries at the interface. In addition to the NiO wedge
the formation of shorter, secondary wedges is observed, and
they are marked by white arrows in Figure 5B. These
secondary wedges are a signature of a change in growth
mode from Frank−van der Merve to Vollmer−Weber. Luo et
al.6 observed this transition with in situ HRTEM (high-
resolution transmission electron microscopy) on Ni−10 atom
% Cr at 450 °C, and a similar transition is seen on Cu with a
shallow wetting layer of only two atomic layers.45,46 The
Ehrlich−Schwöbel barrier confines Ni-atoms to a single NiO

Figure 6. Topography images (A) and band gap and STS spectra (B)
for Ni−12 wt % Cr(100) after the 14 L O2 at 500 °C exposure (step
E2). (A) Large scale image 300 × 300 nm2 in combination with
higher-resolution images of characteristic surface features. From left to
right: moire ́ pattern from the coincidence lattice between Ni(100)
and NiO(100), surface reconstruction labeled as “cross-reconstruc-
tion” from its visual presentation, and oxide nodule. Images were
recorded at 3.0 V and 0.1 nA. The green rectangle marks the region of
the band gap and LDOS maps shown in Figure 7. (B) STS spectra for
all characteristic regions shown in the high-resolution insets. The
spectra are averaged over 20−40 individual spectra extracted from the
STS maps recorded in the respective region. (C) This histogram
summarizes VBM and CBM positions for all (dI/dV)/(I/V) spectra
recorded in the STS map collection for the part A surface area. (D)
Histogram of the corresponding band gaps collected for image area of
part A, and the labels correspond to the STS spectra (B) and images
(A). Note that band gaps larger than 4.2 eV (labeled 3*) are
positioned on the nodules and due to suppression of the tunneling
current in the valence band, and it is not possible to assess the actual
band gap.
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terrace where a new oxide layer nucleates. This results in the
formation of stacked oxide islands and a new (110) facet.7

The structural heterogeneity observed during the initial
stages of oxidation is even more pronounced in the electronic
heterogeneity, and can be seen in the LDOS and band gap
maps. These maps reflect the LDOS of all surface features, and
in addition show inhomogeneous distributions of dopants
within a single surface feature. Figures 6 and 7 are used to
discuss the electronic structure of the surface after cumulative
oxygen exposure of Ni−12 wt % Cr(100) with 14 L O2 and
annealing at 500 °C (E2 as classified in Table 1). Note that
image resolution in the combined STS/STM mode for the
topography images is worse than for images recorded
exclusively in topography mode. The topography image
shown here was captured immediately after the STS map
measurement, which allows for unambiguous feature matching.
Figure 6 summarizes characteristic regions, and the STS

spectra in Figure 6B are averaged over 20−40 individual
spectra recorded within the marked areas in the topography
image. Figure 6A. Region 1 corresponds to the NiO moire ́
pattern; region 2 reflects the cross-type reconstruction, the
most prominent surface reconstruction on this sample, and
region 3 corresponds to one of the large oxide nodules.
The NiO layer (region 1) has on average a band gap of 3.6

eV, which is lower than the bulk value of 4.3 eV NiO.47−49 The
Fermi level is shifted toward the conduction band minimum
(CBM) with respect to the intrinsic Fermi energy position and
is commensurate with n-type doping. The reconstructed region
2 has a smaller band gap, and the band edges are positioned at
−1.0 and 0.9 eV, respectively. The shallower slope at the band
edges is likely due to additional states specific for this
reconstruction. The STS spectrum of the large oxide nodules

in region 3 shows a very small intensity for the valence band,
which prevents a reliable determination of a band gap.50 The
(dI/dV)/(I/V) values for the valence band show the reduction
in the transmission function due to the insulating nature of the
oxide nodule. The very low (dI/dV)/(I/V) is also reflected in
bias dependent topography images included in the Supporting
Information, section S4. Figure 6C,D summarizes all values for
the valence band maxima (VBM) and conduction band
minima (CBM), as well as band gap values, respectively, for
the entire image area of Figure 6A. NiO dominates the surface
and the position of the maxima for VBM, and CBM histograms
reflect the n-type doping we observed in the individual spectra.
The most-probable band gap value of 3.6 eV is attributed to
the NiO layers; larger values correspond to oxide nodules, and
values centered around 1.7 eV represent the chemisorbed
regions.
To understand the heterogeneous electronic structure of the

Ni−12 wt % Cr(100) surface after oxidation, a section of
Figure 6A was selected that represented the spatial variation of
the distinct surface oxide features. Figure 7 addresses the area
marked with a green rectangle in Figure 6, and the image of
this region is shown in Figure 7A. Figure 7B includes the
LDOS mapa cut through all spectra at Ubias = −2.39 V, and
the corresponding (dI/dV)/(I/V) value is displayed as a
function of position. Figure 7C shows the band gap map for
the same area. A few regions in the LDOS map have some
streaks due to tip changes during measurement and are
excluded from the discussion. The individual spectra in Figure
7D correspond to different segments along the line in the STM
image, which crosses from the NiO region (1) onto the
chemisorbed surface (2), and back onto a section of NiO,
which is divided into segments 3 and 4. The band gap and

Figure 7. (A) Topography image of the region marked in Figure 6. (B) Corresponding density of states map at Ubias = −2.39 V. (C) Band gap map.
(D) Spectra collected in the characteristic surface regions traversed along the line included in part A. Regions 3 and 4 show identical topography
features and band gaps, but present differences in doping. (E) Position of VBM, CBM, and band gap values extracted from all spectra measured
across regions 1 to 4 following the white guiding line in part A.
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band edge positions are summarized in Figure 7E, and the
different line segments are marked. The standard deviation for
VBM (CBM) values is 0.2 eV (0.08 eV) for segments 1 and 4,
0.4 eV for VBM and CBM in segment 2, and 0.18 eV (VBM)
and 0.16 (CBM) for segment 3. The standard deviation was
calculated for data sets consisting of ±4 STS pixels around
each data point positioned on the line and reflects the
experimental variability. Segment 2 is relatively inhomoge-
neous and shows significant local variations in its LDOS due to
some very small clusters embedded in the cross-type
reconstruction. Segments 1 and 4 are very similar in terms of
band gap, VBM, and CBM values, and are both slightly n-
doped. Note that the NiO section left of segment 1 shows the
identical band gap value and LDOS.
Segments 3 and 4 are particularly interesting: the band gap is

slightly larger in segment 3, and the position of the Fermi
energy is shifted closer to the CBM indicating a stronger
doping compared to NiO segment 4, and segment 1. NiO
segment 3 is marked with a blue outline in the topography
image, and the corresponding region can clearly be identified
in the LDOS map. Candidates for oxide doping are defects
such as trivalent, substitutional Cr3+, which increases the
vacancy concentration and hence reduces the hole concen-
tration.42 The vacancies created by introduction of Cr3+ also
provide a mechanism for the accelerated growth of NiO.8

Additional gap states can arise from local O-deficiencies, or the
presence of solute trapped Cr2+, and Cr3+, which has recently
been reported.42,51 The overall position of the Fermi energy
within the gap is determined by the entirety of the defect and
dopant inventory and cannot be attributed to one specific,
dominant gap state at present. As a consequence, the
assumption of a homogeneous electric field at the interface
between alloys and oxide, which is commonly made in
Cabrera−Mott growth models, should be revisited.

■ DISCUSSION
The comparison between Ni(100) and Ni−Cr(100) oxidation
demonstrates the significant changes in the formation of
surface oxides caused by alloying even with relatively small
amounts of Cr. NiO dominates the surface oxide during the
early stages of oxidation, which is in agreement with the
literature in the temperature regime of the present
study.6,7,11,52,8,52 The impact of Cr on NiO nucleation, and
the wide range of surface features that emerge early in the
oxidation process, illustrates the complexity of alloy surface
chemistry. Consideration must be given to the preferred
nucleation and growth site for each constituent metal in the
alloy and their corresponding oxide phase, and the effects of
the oxide growth on surrounding phases.
Introduction of Cr significantly enhances NiO nucleation

and growth, but also contributes to the emergence of
additional oxide features including novel reconstructions and
large oxide nodules not seen during the oxidation of Ni(100).
Recent work has shown that substituting Cr for a Ni surface
atom enhances the affinity for bonding between oxygen and
Ni−Cr surfaces,53,54 underscoring the role of Cr in promoting
NiO formation. The enhanced NiO nucleation goes hand in
hand with accelerated NiO growth, which is aided by Cr-
doping. We propose two mechanisms for the enhanced NiO
nucleation: (i) Cr segregates to the step edges and facilitates
oxide nucleation by changing the reaction kinetics and local
activation barriers, or (ii) Cr prevents reconstruction-induced
step faceting by lowering step edge atom mobility; kink sites

for nucleation are therefore retained. This question can be
resolved in future work by targeting very low oxygen exposures
and lower Cr-concentration alloys in conjunction with DFT
calculations to assess the most likely Cr-position in the alloy
surface.
The oxidation of Ni−Cr leads also to structural and

compositional changes in the alloy surface itself and includes
(i) faceting of step edges by NiO growth, which is driven by
the epitaxial relationship between the Ni−Cr and NiO lattices,
and (ii) the emergence of presumably Cr-rich regions within a
novel cross-type reconstruction. The characteristic symmetry
of the cross-type reconstruction has no counterpart in the fcc
Ni(100) surfaces and is reminiscent of the oxygen-induced bcc
Cr(100)33,37 reconstructions. This led us to propose a Cr-rich
surface region formed by lateral segregation of Cr. Con-
sequently, we cannot think about the Ni−Cr alloy surfaces as a
homogeneous system with a random distribution of Cr-atoms
but should revise this picture to include lateral element
segregation. The effect of this segregation on local oxidation
reactions should also be considered in greater detail. One of
the consequences of local variations in Cr-concentrations
beyond the atomic-length scale of a solid solution is
heterogeneity in oxide doping, which is likely the reason for
the variations in electronic structure seen in Figures 6 and 7.
The assumption of uniform oxide coverage is inadequate
within the pre-Cabrera−Mott regime. As such, the description
of the surface electronic structure and compositional variation
can account for the heterogeneity observed and will be
important for future work.

■ CONCLUSIONS
The surface reactions of binary Ni−Cr alloys were studied by
nanoscale characterization of the geometric and electronic
structure. The combination of STM and STS maps enabled us
to deepen our understanding of the structural, compositional,
and electronic heterogeneity that emerges in the initial stages
of the oxidation process. Some aspects of the oxidation, which
are controlled by geometric constraints and include the
coincidence lattices formed by NiO at the step edges and on
the terraces, have direct counterparts in the oxidation of
Ni(100) surfaces. However, surface processes controlled by
local chemistry and kinetics, such as reconstruction-driven step
edge faceting, lateral segregation of Cr, and the formation of
new reconstructions, are uniquely changed by the addition of
small amounts of Cr. The electronic heterogeneity is likely
impactful for the continuation of NiO growth and is coupled to
established mechanisms of NiO accelerated growth via Cr-
dopant-induced vacancies. The pre-Cabrera−Mott regime sets
the stage for the transition to Cabrera−Mott and field
controlled oxide growth, and the next step in this work is to
understand this transition. It is particularly important to
establish which features of pre-Cabrera−Mott heterogeneity
have an impact on the continued oxide growth and passive film
performance.
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