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In contrast to common flat single crystal surfaces, curved surfaces provide the opportunity to study a large
range of vicinals using only one single crystal. Here, we employ a curved NiAl single crystal surface to
study step defects on the (110) plane using scanning tunneling microscopy under UHV conditions and at
room temperature. The direction of curvature is chosen to align with the alternating Al and Ni atom rows,
and we image the surface at various positions along its curvature. With very few exceptions, we find only
monoatomic step heights to occur with local step densities consistent with the expected values along the

macroscopically curved surface. We use our home-built Python-based analysis script to analyze STM images and
obtain statistical information on step and kink distributions, a.o. it allows us to determine the kink formation

energy.

1. Introduction

NiAl is a highly-ordered, corrosion-resistant intermetallic compound
with a high melting temperature, good thermal conductivity, and low
density. Its crystal structure is of the CsCl type. Therefore, the {110}
family of crystal planes consists of alternating rows of either Ni atoms
or Al atoms oriented along the [001] directions. Fig. 1(a) shows a
section consisting of four unit cells of an ideal (110) terrace. At this
common (110) surface, the bulk structure relaxes. The Al rows in
the surface plane have been found to lie significantly higher than Ni
rows [1].

For research purposes, the NiAl(110) crystal plane is highly valuable
and often used to create a nearly atomically flat, thin Al,O3 over-
layer [2]. Onto this oxide overlayer, which does not have the exact
structure of the bulk phase [3], metallic particles may be grown. Such
systems mimic heterogeneous catalysts with increased resemblance to
actual industrial catalysts in comparison to, e.g., the surfaces of metallic
single crystals [4]. The thin Al,O5 layer has, therefore, been studied in
great detail, a.o. by scanning tunneling microscopy (STM) [5,6] and
low-energy electron microscopy (LEEM) [7,8].

While large atomically flat planes of Al,O; may be created from
the NiAl(110) plane, defects in the thin oxide overlayer occur. A
significant fraction of these defects is oriented along the Ni and Al
surface rows [9]. Such surface defects in the overlayer are of interest
as they are important to the growth and distribution of particles on
oxide overlayers. Although intermediate stages of the oxidation of
the NiAl(110) plane have been studied [7], the relation between the
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orientation of these specific defects in the overlayer and the direction of
the underlying row-structure can only be speculated upon. They may,
for example, originate from monoatomic step heights on the original
ultrahigh vacuum (UHV)-cleaned NiAl(110) surface. Supportive to this
hypothesis is the finding that, during the initial oxidation of NiAl(110),
oxide ‘rods’ have been found to run along the substrate [001] direction.
These oxide rods can elongate from one substrate terrace to the next
by gaining or losing atomic layers [7]. Others reported a reorientation
of the substrate step edges during oxidation, which accounts for other
relative directions of defects in the Al,O5 overlayer [9].

Steps on the clean NiAl(110) surface may be expected to run pre-
dominantly along the [001] direction. Fig. 1(b) illustrates such steps.
Here, two of them separate three (110) oriented NiAl terraces. The
black lines trace the steps that also include several kink defects. These
steps have not attracted much attention in scientific studies so far even
though they seem to be related to the defects in Al,05 overlayers grown
from this surface. For example, it is unknown whether the steps consist
(predominantly) of Ni or Al and whether steps of doubled height occur
beyond single atom high steps.

The smallest kink in an otherwise straight step along the [001] di-
rection unavoidably turns a Ni-terminated terrace into an Al-terminated
terrace and vice versa. This is illustrated in Fig. 1(b) by the left step.
The blue lines in Fig. 1(a) show the two possible directions of such a
kink. Kinks may also span more than a single atom row. Double, triple,
or even longer kinks would also run along [111] directions in {110}
planes. A double and a triple length kink are illustrated in the right
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Fig. 1. (a) Schematic representation of the (110) plane on NiAl with the distances
between consecutive atoms in x and y directions. The two atom types are depicted
using green and purple. Terraces run along the x direction, i.e [110], and steps run
along the y direction, i.e., [001]. The blue V-shaped line indicates the two opposing
directions of a kink in a step. (b) Schematic representation of a small section of a
NiAl(110) surface, including terrace width (a u), two steps and several kink defects.
The black lines trace the two kinked step edges . (c) Photograph of the ¢-NiAl(110)[001]
31° single crystal in a Ni holder. (d) Exemplary STM image taken at room temperature,
close to the (110) apex, 700 x 700 nm, feedback 0.2 nA, loop gain 0.53%.

step in Fig. 1(b). Note that kink lengths of even numbers (2, 4, ..) do
not result in alteration of the element type that terminates terraces,
while odd numbers (1, 3, ..) do. Kinks have also not found significant
attention in the literature on NiAl(110) so far. Hence, we do not know
whether they are (predominantly) of single atomic length or whether
they often occur longer, effectively creating small sections of single
atom high steps running along [111]. Such sections may be expected
to have considerably higher free energy than edges along [001].

To understand the surface chemical physics of the intermetallic
NiAl(110) plane better and its potential relation to defects occurring
in an Al,O3 overlayer, we study a polished and UHV-cleaned curved
surface of a NiAl single crystal. The apex of the curved surface is
the (110) plane. The surface may be viewed as a 31° section of a
[001] oriented cylinder. The crystal plane is described in the notation
suggested by Auras and Juurlink as ¢-NiAl(111)[001]-31° [10]. The
[001] directed macroscopic curvature of the surface is expected to
result from monoatomic step heights that occur symmetrically and
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at increasing frequency when moving away from the (110) apex in
either direction. We study NiAl(110) and its continuous range of vicinal
surfaces by STM and other surface sensitive techniques.

2. Material and methods

The ¢-NiAl(110)[001]-31° surface of a NiAl single crystal was cre-
ated by Surface Preparation Laboratory (Zaandam, the Netherlands).
The polished area of the crystal has a radius of curvature of 31°, is
8 mm long, and 7 mm wide. It has a base that reflects the 10 mm
diameter NiAl single crystal cylinder from which it was cut by spark
erosion. The choice of this size and geometry includes, in principle, all
terrace widths ranging from approximately 5 atom row-wide terraces
at the edges of the curved surface up to the ideal (110) terrace at
the apex. Hence, the distribution of terrace widths smoothly evolves
from extremely wide terraces at the apex to very narrow terraces close
to the edges of the crystal. The base is used to clamp the crystal to
sample holders without inducing significant stress in the surface in
various UHV apparatuses. In the photograph presented in Fig. 1(c),
we show one of the various types of holders we have developed for
such crystals with the macroscopic curvature of the NiAl crystal surface
visible. Here, the crystal is accurately held into position onto a Ni
base plate by a U-shaped Ni cap. The cap has an opening through
which the polished surface protrudes. It also has a small extra opening
(appearing on the right side of the polished surface in the photograph)
to provide room for a thermocouple, which is laser-welded to the side
of the crystal. The cap is held in position by two screws penetrating
through the downward legs of the U-shaped cap and into the base
plate. To minimize contamination sources, crystal holders are generally
constructed from NiAl or Ni. The cleaning procedure of the crystal
surface consists of cycles of Ar* sputtering (0.7 kV, 2.6 pA, 30 min,
under a 45° angle from the apex toward [001]) followed by in vacuo
annealing (950 K, 5 min).

STM images were taken at room temperature in a UHV VT-STM
from Omicron at Centro de Fisica de Materiales from Universidad del
Pais Vasco, a different crystal holder was used there [11]. For analysis
purposes, we only use images with 10 to 20 visible terraces. An example
is shown in Fig. 1(d). We use Gwyddion [12] for an initial selection of
images. These are, subsequently, quantitatively analyzed using a home-
built Python script with axes and terrace widths as defined previously
[13]. Briefly, the height is defined as the z direction. The y direction
runs parallel to the steps, and x runs perpendicular to the steps. The
axes are scaled to atomic units (a u) using the distances as illustrated
in Fig. 1(a). These are ~ 2.04 A along x, i.e., the distance between
consecutive atom rows in the (110) plane, and ~ 1.445 A along y,
i.e., the distance between two consecutive atoms along a step projected
onto the [001] axis.

We present results in plots using these atomic units. Counting of
terrace widths as rows of atoms is illustrated by the numbers across
the middle terrace in Fig. 1(b) at three different locations. Our Python-
based script does this for every line of data in the 512 x 512 pixels
created for each STM image after determining the exact locations of all
downward steps. We include results from sixteen STM images taken at
various positions along the curved surface. These sixteen STM images
are included in the Supporting Information as Figure S1. It is important
to note that our Python script treats each individual terrace in every
STM image independently and tracks how its width varies along the y
direction per scan line. Statistical analysis is done on collections of such
individual terraces. The bin size used to create terrace width histograms
is, in principle, the row spacing on the (110) terrace, i.e., ~ 2.04 A. The
counts are represented at the center of these bins.
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Fig. 2. (a) TWD of sixteen images altogether. The inset shows the TWD for one of the
images with the highest resolution. STM image size is 50 nm and it was taken close
to one edge of the crystal. (b) Standard deviation vs mean terrace width for all the
images analyzed. The inset expands the section shown inside a green rectangle on the
bottom left of the plot. Slopes comparison between the image-averaged values (black
triangles) and the terrace-averaged values (red circles) are shown with gray and red
dashed lines, respectively.

3. Results and discussion

Prior to analyzing the sixteen specific STM images, we have inves-
tigated 57 random STM images showing 5 to 30 terraces using line
profiles in Gwyddion. As average terrace widths varied in these images,
but all include multiple terraces, STM image sizes varied accordingly.
In all of these images, we mainly observe monoatomic step heights.
Only one STM image taken close to the apex exhibited a double and
triple high edge that seems to be the consequence of two nearby con-
taminants that pin edges locally. They are encircled in the Supporting
Information, Figure (S2a). We also observe a few instances of step
bunching, grouped curving of steps and other types of defects. Examples
are also included in the STM images shown in Figures S3, and S4 in the
Supporting Information.

Moving away from the apex, STM images mostly show straight step
edges along the y-axis, as illustrated in Fig. 1(d). We visualize the entire
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analyzed range of data from the sixteen selected images in Fig. 2(a). It
plots the terrace width distributions (TWD), i.e., the frequency with
which particular terrace widths occur. Clearly, this varies with the
distance to the apex. The vertical axis of the plot, labeled as “Counts”,
represents the number of times we encounter values of terrace widths
within the range of bin sizes for each individual image. Mean terrace
width values range from 20.75 A (i.e., 10 a u) to 474.54 A (232 a u).

There are eight smaller STM images that contribute most of the data
ranging up to 40 a u. The STM image size varies between 40 x 40 and
100 x 100 nm? for these images. They were taken closer to the edges
of the crystal. In the TWDs of these images, we find that both even and
odd numbered bins occur. This indicates that terraces must end with
rows of both types of elements. If steps would only be formed by one
type of element, terraces can only have a width of an odd number of
rows. A typical TWD found for one of these eight images is shown in
the inset of Fig. 2(a). Neither in this one nor in the others of smaller
sized STM images we find a clear systematic variation between even
and odd numbered bins. For the image shown in the inset, the ratio
of even-to-odd counts is 0.997. Averaged over the 3 images with the
highest resolution, it is 0.986.

At the other end of the spectrum, only a single large STM image
contributes the data ranging between roughly 175 and 400 a u, but
already starting at 27 a u. This image was taken more closely to
the (110) apex of the macroscopically curved surface. We excluded
some terraces from this latter image because they are incomplete. Such
incomplete terraces are visible in Fig. 1(d) at the left and right edges
of the image. We analyzed twelve terraces from this large image. The
resulting distribution shown in Fig. 2(a) between roughly 175 and
400 a u is certainly not uniform. Meandering of steps in this single
image leads to distributions centered at approx 200, 270, and 360
a u. The appearance of separate clusters with narrower distributions
is indicative of the stiffness of the step, i.e., steps are much more
straight than the complete distribution containing multiple clusters
would suggest. The distributions do not merge to the extent that one
broad distribution appears.

The data from this image also nicely illustrates the binning of data
that occurs for large STM images. The size of this image is 700 nm
X 700 nm imaged using 512 x 512 pixels. Scaling this to atomic units
gives 6.69 a u per pixel along x (or the inverse 0.15 pixels/a u). Hence,
we expect to find counts from this image only every 6.69 a u. That is
also what we find in the terrace width histogram of this image. Bins
fill in series spaced by 6, 7, and 7 units repetitively. It is rarely altered
by spacings of 6, 6, and 7 units. From the spacings in the histogram,
we calculate an average of 6.67 bins (a u), which is in near-perfect
agreement with the expected scaled value of 6.69 a u based on the
image size and number of pixels.

To exemplify how proper treatment of such STM images is essential
to extracting useful statistical information, we plot the standard devia-
tion of the terrace width against its mean value for each of the terraces
of every image in Fig. 2(b). For comparison to previously published
plots of this type, we here use Angstroms as the x-axis unit. The inset
expands the bottom left part of the graph (green rectangle). A single
color represents all data of terraces from a single image. Each terrace
from a single image is represented by a single small marker. These are
connected by a dotted line of the same color, as visible in the inset. We
also mark the terrace-averaged values for each image using a red circle.
More specifically, it marks the average terrace width and the average
standard deviation (¢) for the complete terraces in every image. For
comparison, we also show the image-averaged values using black tri-
angles. It marks the values of the average terrace width (i.e., the same
as for the red markers) against the standard deviation calculated for the
image as a whole. Certainly, this image-averaged o exceeds the terrace-
averaged value. The vertical light blue line illustrates the maximum
overestimate for the images that we have analyzed. This factor ranges
from 1.05 for the smallest images with narrow terraces to 4.19 for the
largest image with the broadest terraces. When we calculate the slope of
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the standard deviation vs the mean terrace width for all the images for
the image-averaged (gray dashed line) and for the terrace-averaged (red
dashed line) data, we obtain values of 0.367 and 0.0799, respectively.
The image-averaged slope is 4.6 times larger than the terrace-averaged
slope.

Depending on the purpose of research, one or the other value is
of interest. When interested in step-step interaction and diffusivity, o
as determined from terrace-averaged values should be used, as o is
directly proportional to the step diffusivity and inversely proportional
to steps-repulsive energetic interactions [14,15]. Here, the focus lies
on the behavior of individual steps. Using image-averaged values for
o would lead to underestimating the step-step interaction and over-
estimating the step diffusivity. However, for non-local measurements,
e.g., the determination of chemical reactivity of a vicinal surface,
one needs to determine the variation in step density (hence terrace
widths) and base the analysis on many terraces. Image-averaged values
are, in that case, appropriate. It is recommended for those studies
to use several STM images to confirm the continuity of the broader
distribution.

We find an apparent steeper slope when we analyze the relation
between the standard deviation and the average terrace width for single
images. This is most clearly visible in the inset of Fig. 2(b). When track-
ing the data indicated by a single color, hence originating from a single
image, the slope appears steeper than the slope resulting from taking
all data in the large pane into account. The largest terraces usually
meander more than narrow terraces in any single image, resulting in
larger standard deviation values. We find this in all analyzed images.

We also analyze step edge meandering at the atomic scale. For this,
we generate ’grid-fitted’ meandering of step edges by comparing the
coordinates of a step with the coordinates of the atomic grid defined
for the crystal as previously described in [13]. We initially only include
images with the highest resolution, i.e., images with a maximum size
of 50 x 50 nm?. These images have at least two pixels per atomic unit,
preventing significant aliasing in the data. From the ’grid-fitted’ images,
we analyze the kink lengths. Fig. 3(a) presents a histogram obtained for
the set of 3 STM images with the highest resolution. The plot shows
the relative occurrence of kinks versus their length in atomic units as
measured normal to the step direction. For this crystal structure, this
kink length corresponds directly to atoms rows. Kinks of mono-atomic
length dominate, indicating step edges switching from Ni- terminated to
Al-terminated or vice versa. We find no preference for even numbered
kink lengths, which would indicate a preference to maintain the same
terrace termination.

For the ’grid-fitted’ step edges we discard kinks that are not possible
on the atomic grid by verifying the angles of the kinks before making
the histogram. The inset in Fig. 3(a) illustrates one step edge as a
blue line superimposed on the atomic grid. Here we can see straight
sections, monoatomic and diatomic kinks. Kinks directions are also
illustrated in Fig. 1(a). There, the two blue lines exemplify what would
be considered a monoatomic kink in both directions, which alter the
terrace termination from a Ni to an Al atom row and vice versa.

For further kinks analysis, we use the approach described by Zand-
vliet [16] to calculate the mean square length of a kink (k?), i.e., the
mean of the sum of the squared deviations from a perfectly straight
edge, as a function of the unit length taken along the step, r. For
clarification, r is the distance unit between points along the step direc-
tion used to calculate the mean of the sum of the squared deviations
((xg —x,)?). Values of (k?) can easily be extracted from the distribution
of kinks along steps by our Python script [13].

Results are shown in Fig. 3(b) for a set of 11 STM images on
which we can perform the mean squares displacement analysis. We
discriminate in the data between 3 images with the highest resolution
(darker colored data), i.e., > 2 pixels/a u, and the remaining eight
images with resolution varying down to 0.15 pixels/a u (lighter colored
data). Error bars have been included to show the broadening of the data
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Fig. 3. (a) Kink length distribution histogram as a percentage vs kink length in atomic
units. The inset shows a small section of the atomic grid and illustrates 1, and 2 a u
length kinks. The green and blue circles represent the two atom types in the NiAl(110)
surface. (b) Mean square displacement, (k?), vs unit length, r, along the step. Darker
colored data is taken from high resolution STM images. Lighter colored data has less
than atomic resolution. Error bars are included.

dispersion between these two sets of images, darker and lighter colored
data.

Fitting the slopes of these lines yields the kink formation energy. We
find an average value of 61 + 3.7 meV for the subset of 3 images with
the highest resolution and 60 + 9.7 meV for the eight images with a
resolution up to 0.5 pixels/a u. Undoubtedly, higher resolution images
yield a more accurate value with the smallest error. However, the same
average is obtainable with a larger margin of error using images with
slightly lower resolution.

We are only aware of earlier calculations based on the embedded
atom method (EAM) of kink formation energy for a Ni(110) surface.
There, 319 meV for the open [110] steps was found and 53 meV
for the close-packed [001] steps at 0 K. [17] We are not aware
of calculations or measurements on the intermetallic NiAl and we
supply the determined value of 61 meV as a benchmark for a future
theoretical study. Clearly, it approaches the value predicted for the
most comparable, i.e., close-packed step of Ni(110).
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4. Conclusion

In this study, we analyzed the curved surface of a NiAl single crystal
under UHV conditions by STM. We focused on determining TWDs and
analyzing steps and kinks. We found that the surface’s macroscopic cur-
vature results only from monoatomic step heights. These predominantly
meander along the intended direction of the alternating rows of Ni or
Al atoms in the (110) plane.

From the analysis of kinks, we find a preference for monoatomic
kinks. We extracted the kink formation energy from the highest res-
olution images and showed that much larger STM images with an
intrinsically low spatial resolution still allow extracting the correct
kink formation energy, albeit with a larger margin of error. The kink
formation energy along the rows of the NiAl(110) surface resembles
that of a pure Ni(110) plane, but this may be fortuitous. Note that
our analysis of kinks on the NiAl(110) surface yields an average kink
formation energy for both types of kinks, i.e., Ni steps ending and going
terrace inward or outward to an Al row. These are obviously the same
as Al rows ending and stepping either terrace outward or inward to a
Ni row. Hence, the kink formation energy does not inform us of the
identity of the elements forming steps.

From the terrace width analysis, there are two remarks depending
on the research purpose. If the focus lies on step diffusivity and step-
step interactions, ¢ as determined from terrace-averaged values should
be used. If, instead, the focus lies on the surface chemistry, the vari-
ation in step density is more relevant and image-averaged values of
o yield the appropriate information. The lack of a strong preference
for either even or odd terrace lengths in the TWDs may easily be
mistaken to suggest that both elements occur in equal ratios in the
step edges. This conclusion is incorrect. Only for terraces with even
numbers of rows, we are sure that the terrace terminating elements
are equally distributed. For a terrace with an odd number of rows at
the scan line, a single element occurs on consecutive steps, but we
do not know whether it is (predominantly nor exclusively) Ni of Al.
Hence, the total occurrence of one element to the other in step edges
cannot be determined from this analysis. However, the fact that TWDs
contain both odd and even numbers indicates that both elements must
be terminating terraces. The predominant occurrence of single atom
length kinks confirms this point. Atomically resolved STM images or a
step-specific elemental analysis may provide more detail.
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