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3
SURFACE STRUCTURE

CHARACTERIZATION OF A CURVED
PT CRYSTAL WITH HIGHLY KINKED

STEPS

Chemical reaction steps at surfaces e.g. in heterogeneous catalysis and astronomy,
are often dominated by the presence of defects rather than high-symmetry planes.
However, in surface science, these processes are frequently studied by atomically flat
model surfaces. Stepped surfaces provide an approach to model line defects on par-
ticles. Curved single crystal surfaces provide a useful tool for studying the influence
of these defects systematically. The influence of other types of defects, such as kinks
or dislocations, has received less attention.

Here, we employ a curved Pt crystal oriented such that highly kinked step edges with
{210} orientation are exposed. We characterize the continuous surface structure from
(111) at the apex to (432) at the sides of the apex by Scanning Tunneling Microscopy
and Low Energy Electron Diffraction. Observations are analyzed in regards to their
microscopic and macroscopic structure and compared to the ideal crystallographic
structure. Knowing the structure of the kinked surfaces on this crystal allows us to
then determine site-specific reactivities in Chapters 4 and 5.
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3.1. INTRODUCTION

T
HE SABATIER PRINCIPLE in heterogeneous catalysis states that a good catalyst

should bind reactants and reaction intermediates neither too strongly nor

too weakly, in order to promote the elementary reaction steps on a cata-

lysts surface, e.g. adsorption, dissociation, diffusion, recombination, and desorp-

tion. This can be visualized in so-called ’volcano plots’, where the catalytic activity

of different materials is plotted against their adsorption energies towards specific re-

actants. The name-giving volcano form illustrates that peak catalytic performance is

typically found at intermediate binding strengths. For a number of heterogeneously

catalyzed reactions, Pt has been found to be an exceptionally well-suited catalyst, at

or near the top of volcano plots. For example, the three-way catalyst built into car

exhausts makes use of the catalytic performance of Pt towards CO oxidation, hydro-

carbon oxidation, and NOx reduction, all under the same reaction conditions. More-

over, CO oxidation on well-defined Pt(111) surfaces is one a standard system used

to study all fundamental aspects of surface reactions. As the reaction follows the

Langmuir-Hinshelwood mechanism, it is an example for a typical catalytic surface

reaction involving several reactions steps, causing complex reaction dynamics.[1–

4] The simplest reaction of the smallest molecule, hydrogen dissociation, also takes

place readily on Pt(111) surfaces. Beyond its relevance industrial processes, this sys-

tem is of central importance to the development of models in gas-surface dynamics

and electrochemisty.[5, 6]

While reactions on high-symmetry faces are still most frequently studied in surface

science, chemical reactivity on catalytic Pt surfaces is often improved by the pres-

ence of lower-coordinated sites, such as steps, kinks, and other surface defects.[7–12]

Recently, even step-type and step density effects on chemical reactions have been

observed.[13–16] In the case of nanoparticles, which are commonly deposited on

an oxide support in industrial applications, lower-coordinated sites (edges, corners,

as well as steps and kinks) may actually comprise a majority portion of the exposed

surface.[17–19]

Line defects, i.e. steps on high-symmetry terraces, are among the more frequently

studied defect sites, yet kink sites may increase chemical reactivity compared to

close-packed steps.[20, 21] They can also cause different step-step interactions, thus

influencing surface structure.[22–25] However, only few studies investigate the influ-

ence of kinks on catalytic reactions on Pt surfaces [14, 26, 27]

As kinked steps on (111) terraces of fcc metals are comprised of variable ratios of A-

and B-type line segements ({001} and {110} microfacets), they are also inherently chi-

ral and open possibilities to study enantioselective reactions.[28, 29] Chiral metal sur-

faces provide a way to introduce chirality to heterogeneous catalysis in a way that is

stable at harsher environments used in industrial catalysis. Several examples of enan-
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tioselective adsorption on chiral Cu surfaces have been identified,[30–34] as well as

enantioselective decomposition reactions.[35, 36] Studies also point towards the po-

tential of chiral chemistry on kinked Pt surfaces.[37–41]

In this context, curved crystals with varying surface structure offer the potential to

study even small effects of surface defects. However, to unravel the influence of

different surface sites, the changing surface structure must be characterized across

the entire range of curvature of such samples. This is particularly important for the

curved Pt crystal with kinked step edges we present here. It features surfaces of both

chiralities, with varying compositions of (111) terraces, steps (from {001} and {110}

microfacets), and kinks. This chapter aims to thoroughly characterize the surface

structures found across the crystal, which is crucial to the interpretation of results

reagrding chemical reactivity of achiral (chapters 4 and 5) molecules, as well as future

adsorption experiments involving chiral organic molecules.

3.2. CRYSTALLOGRAPHIC ORIENTATION

Platinum crystallizes in the face-centered cubic (fcc) crystal structure. Its lattice can

be described by three translational vectors. Surface terminations of the bulk lattice

can be described by Miller indices (hkl) or the corresponding vector along the surface

normal [hkl].

The curved crystal described here, shown in figure 3.1a), is cut from a Pt bulk single

crystal. It can be seen as a slice of a cylinder with a rotational axis axis along the [112̄]

vector, oriented such that at the apex (111) is exposed, as figure 3.1b) demonstrates.

Due to the macroscopic curvature of the crystal, at the sides surfaces with an increas-

ing ’miscut’ angle are exposed. The entire crystal surface curves across 31◦, causing

surface structures to range from surfaces with (111) terraces that extend hundreds of

nanometers to surfaces with terraces of less than a nanometer. Figure 3.1c) plots ex-

pected terrace widths and step densities along the curved surface. It therefore can be

described as c-Pt(111)[112̄]-31◦, according the nomenclature introduced in chapter

2. These surfaces exhibit {210}-oriented steps, i.e. steps with an orientation halfway

in between {001}/A-type steps and {110}/B-type steps.1 As a result, these {210} steps

feature inner and outer kinks separating segments of A- and B-type steps. Surface

atoms at a kink site are less coordinated by other surface atoms than they would be

as part of a terrace or a straight step edge. They are thus often assumed to be more

active towards adsorption and chemical reactions.

In figure 3.1d) we draw two surfaces with {210} steps. The atoms at the top edge

illustrate how segments can be described as A- (blue) or B-type (red). There, seg-

ments are only one atom long, resulting in a maximum density of kinks along the

1 We use Miller indices {hkl} to indicate the set of equivalent surfaces.
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Figure 3.1: a) Photo of the curved Pt crystal. b) Depiction of crystallographic orientations along the surface
of a cylinder with its rotational axis along [112] of a fcc crystal. The crystallographic range of the crystal
sample displayed here is indicated in purple. As the surface curves away from the (111) apex, steps with
[201] or [021] orientation are introduced on each side to accommodate the macroscopic curvature. The
hollow sites at the step edge have (S) or (R) chirality respectively. c) Expected terrace widths (red) and step
densities (blue) along the curved Pt single-crystalline surface with (111) at the apex. d) (423)(S) and (243)(R)

surfaces that can be found to either side of the crystal. At the top step edge is illustrated how the kinked
{210}-oriented step edges can be seen as consisting of small segments of {001}/A- and {110}/B-type steps.
The middle step edge illustrates how the chirality is determined at the hollow site of the step edge. The
(423) surface on the left has step edges with (S) chirality, the (243) surface on the right has step edges with
(R) chirality.

step edge. However, the same crystallographic orientation/ Miller indices can also

be maintained if the step edge forms longer facets and thereby reduces the amount

of kinks, as long as the overall lengths of A- and B-type facets remain equal. Causes

can be thermal roughening or reconstruction. Simulations of a kinked Pt(643) sur-

face show a reduced kink density at elevated temperature.[38, 39] Characterizing the

structure of these kinds of surfaces in regards to their kink density is thus crucial in

order to interpret the results of subsequent experiments. Furthermore, it has to be

determined if the kink density changes across the crystal from low to high step den-

sity.
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Compared to straight steps, the kinked steps on this curved Pt crystal reduce surface

symmetry due to the introduction of two separate microfacets. As a result, surfaces

found at the two sides of the crystal are chiral to each other at the same angles from

the apex. Figure 3.1d) depicts two {432} surfaces with opposite chirality, the (423) and

(243) surfaces respectively. With the middle step edge we illustrate how the chirality

of the surface is determined.[31, 41] Looking from above onto the hollow site of the

step edge, three microfacets surround the inner corner: {110} and {001} facets along

the step and a (111) terrace. Going from {001} to {110} to (111) will then result in a

right-handed or left-handed turn. The surfaces are described as (R) (Latin "rectus")

or (S) (Latin "sinister") chiral surfaces respectively.

For reactions involving only achiral reactants and products, no difference should be

observed between (R)- and (S)-kinked surfaces. However, there may be steric advan-

tages of one chirality when chiral molecules are part of a surface reaction. Indeed,

the chirality of kinks on Pt surfaces has been shown to influence reactivity for chiral

molecules, e.g. in the case of glucose oxidation. [41, 42]

3.3. SURFACE CLEANLINESS AND AVERAGE TERRACE WIDTH

The cleaning procedures employed for this Pt crystal and their implications on sur-

face structure are detailed in chapter 5. After repeated cleaning cycles, Auger Electron

Spectroscopy (AES) is employed to confirm the absence of contamination on the Pt

surface. Exemplary spectra are plotted in figure 3.2 and show no significant peaks

from elements other than Pt.
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Figure 3.2: Typical Auger electron spectra of the Pt surface after cleaning. Black lines represent literature
values of the most prominent dN/dE features for Pt.[43] Asterisks (*) mark most prominent features one
would find in the presence of C (grey) or O (red). Spectra were recorded in several locations on the Pt
surface, spanning the height and width of our sample, to ensure complete cleaning.

Subsequently, LEED is used to examine the regular ordering of the surface and check

for possible surface reconstructions, step doubling, or faceting. The more ordered

a surface is, the sharper the observed diffraction spots will appear. While a hexag-
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onal diffraction pattern should be observed for the flat (111) surface, the diffraction

spots will appear split at regularly stepped surfaces. The direction and extent of the

spot splitting gives information about the average terrace width and step directions,

see chapter 2. Streaking in the spot splitting would indicate wide variations in ter-

race widths. Figure 3.3 shows LEED patterns at the (111) apex as well as the sides

of the crystal. At the center of the crystal (figure 3.3, middle of top row), we observe

the reciprocal spots of a fcc (111) surface where the center spot is hidden behind the

electron beam. Along the curvature of the crystal, we observe spot splitting which

increases proportionally with the angle of curvature.
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Figure 3.3: LEED patterns from different parts of the curved Pt crystal. a) - c) While around the apex a
hexagonal diffraction pattern with well-defined spots is observed (b), to the sides the regular step arrays
cause spot splitting (a&c). d) Spot splitting over row spacing ratios (SS/RS) along the crystal curvature. The
black lines indicate expected ss/rs ratios, according to the terrace widths caused by the miscut angle from
(111), see equation2. e) Demonstrates spot splitting on a similar curved crystal with close-packed steps.
Both types of crystals are employed in chapter 4. Spot splitting to row spacing across the entire surface of
this second crystal are added to the graph in d) in grey.

Figures 3.3a) and c) show spot splitting oriented perpendicular to the flat side of the

hexagonal pattern, indicating steps along the [112̄] vector, i.e. kinked {210}-oriented

steps. In the case of straight A- or B-type steps, spot splitting would appear 30 ◦ ro-

tated relative to the hexagon, as depicted in figure 3.3e). Figure 3.3 also plots spot

splitting (SS) over row spacing (RS) ratios across the crystal. They match well with

the expected ratios for monoatomically stepped surfaces at the corresponding angles

away from (111), as obtained from table 2.1, confirming the expected average terrace

width and the absence of reconstructions or faceting.
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3.4. TERRACE WIDTH DISTRIBUTIONS

3.4.1. STEP-STEP INTERACTIONS AND THEIR IMPACT ON TERRACE
WIDTH DISTRIBUTIONS

While the average terrace width can be determined by LEED at various positions of

the curved surface, the microscopic structure may exhibit local variations, e.g. vari-

ations in terrace width, or deviations from the ideal step direction. These effects can

be much more directly investigated by STM.

In general, step-step interactions on vicinal metal surfaces can be described via two

universal effects. At short length scales, elastic repulsion between the dipoles at step

edges forces steps into regular arrays to lower the free energy. This is a low entropy

state.[44] Meandering of steps increases entropy in a stepped surface, and this ef-

fect dominates at larger step-step distances (d), as dipole interactions decrease with

1/d2.[44] Meandering, however, is limited by the fact that two steps can never cross

one another.

In addition to the dipole and entropic interactions, a third effect can emerge due to

the electronic band structure at the surface, at short step-step distances. This can

be described by quantum confinement of electrons between the steps. Steps act as

potential barriers, imposing boundary conditions to the wavefunction of the surface

electrons, similar to the quantum mechanical description of a particle in a box. As a

consequence, step-step distances where the electronic wavefunction forms a stand-

ing wave (eigenstates) can become favorable. For a metal, these distances correspond

to multiple integers of half the Fermi wavelength (λF/2). This phenomenon, however,

is only relevant if surface electrons can be decoupled from the band structure of the

bulk, and form an independent surface states where they can behave as nearly free

electrons. This condition, also called Shockley or Tamm state, is fulfilled for surfaces

of Cu, Ag, and Au and is also what causes the so-called Friedel oscillations, which are

spatial oscillations of the charge density. Friedel oscillations are observable when a

wavefunction is reflected from a defect. Line defects, i.e. steps, can lead to similar

charge density modulations. The question is whether electronic surface states can

in turn shape the distribution of surface atoms. In the particle in a box analogy, this

would be equivalent to the particle shrinking/expanding the boundaries of the box.

Aligning the steps to match integers of the half wavelength of the surface electrons

allows their wavefunction to form a standing wave, i.e. a lower state. While one might

expect this to be a small energetic effect compared to the mentioned dipole and en-

tropic interactions, a preference for ’magic’ step-step distances has actually been ob-

served on Ag surfaces with small terrace widths. With increasing terrace width, a clear

transition in terrace width distributions was found.[22]

For Pt, no such clear sp-type surface state exists. However, surface resonances do.

These do not fall into the energy gap of the bulk band structure. Specifically, a sp de-
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rived surface resonance near the Fermi level has been shown to influence physisorp-

tion on Pt(111).[45] Quantum size effects to the conductance were found during the

growth of thin layers of Pt, indicating an interaction between electronic and structural

properties.[46]

For a stepped Pt surfaces with straight A- and B-type step edges a transition from

the ’elastic regime’ governing narrow terraces to the ’entropic repulsion’ dominant at

wider terraces was found to occur around 4 nm, marked by the terrace width distri-

butions becoming wider and more asymmetric.[47] However, no quantum wells were

indicated in the terrace width distributions.

Here we investigate the effects of step-step-interactions on the curved Pt crystal with

kinked step edges. We investigate whether a similar transition between predomi-

nantly elastic interactions to entropic meandering can be observed for arrays with

highly kinked step edges, and whether an influence of quantum size effects can be

observed.

3.4.2. RESULTS OF TERRACE WIDTH ANALYSIS

We use the IGOR PRO software to analyze our STM images from various places on the

crystal. The procedure can be found in Appendix D. In short, we take line profiles of

the image perpendicular to the step direction given by the crystal’s curvature. Finding

minima along the line profile gives us the locations of the lower step edges. Terrace

widths (w) are then determined pixel by pixel as distances between lower step edges.

We find our terrace width distributions by sorting terrace width data in histograms.

The bin width is 1/2 of the atom-atom distance (0.277 nm). The choice of our bins

is due to the fact that in the case of the {210} steps, terrace width can take both full

and half-integers of the interatomic distance, as figure 3.4 shows. We can determine

width distributions by terrace as well as the overall distribution of all terraces in the

array shown in the image.

1 2 3 4
1 2 3 1 2 3

1 2

  L(321)  

  Terrace width: 4 atoms 3.5 atoms 3 atoms 2 1.5 

Figure 3.4: Possible terrace widths on the kinked surfaces in full and half-integer atom rows. Stepping
down from the topmost step edge on the left, terraces with lengths of 4, 3.5, 3, 2, and 1.5 atom follow.
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Figure 3.5: Typical STM images from various position along the crystal’s curvature, and terrace width dis-
tributions for each image. Step edges determined by the analysis procedure and corresponding terraces,
are overlaid in colors. The graphs on the right show terrace widths per terrace, as well as summed up (grey
bars). Width of each bar in the histograms is 0.1385 nm, i.e. half integer atomic terrace widths. a) Image
size: 375×375 nm; mean terrace width (w̃): 32.4 nm. (-0.00785 mm from apex) b) Image size: 300×300 nm;
w̃: 12.3 nm. (+0.328 mm from apex) c) Image size: 80×80 nm; w̃: 7.92 nm. (-0.3446 mm from apex) d)
Image size: 50×50 nm; w̃: 4.8 nm. (-0.8 mm from apex) e) Image size: 30×30 nm; w̃: 1.8 nm. (-1.5 mm from
apex) f) Image size: 15×15 nm; w̃: 1.3 nm. (-2.5 mm from apex) g) Expected mean terrace widths and step
densities versus position on the crystal. Black arrows indicate position where a) – f) were obtained.

Generally, surfaces close to the apex feature wide terraces, separated by strongly me-

andering step edges that may substantially deviate from the direction dictated by our

curved crystal’s orientation. They sometimes show local fluctuations of step densities

that deviate from the expected average step density. For our analysis we can there-

fore only use data obtained some distance away from the apex, showing terraces in

step arrays oriented in the right direction. Figure 3.5 shows typical STM images from

different locations across the curved crystal, where regular step arrays were found.

Figure 3.5a) shows an STM image of a step array with wide terraces. The mean ter-

race width (w̃) is 32.4 nm. The step edges as found by the Igor Pro procedure are

outlined in different colors. To the right, we plot terrace width histograms per ter-

race (corresponding color), and the overall distribution (grey bars). The terrace width

distribution is very irregular and shows several maxima and shoulders, as well as ap-

parent gaps in the distribution. b) – f) show STM images with increasingly narrow
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step arrays and the consequent distributions. They demonstrate how the distribu-

tions become first smoother (more continuous) and then more symmetric for higher

step densities. Figure 3.5e) also is a good illustration of the kinked nature of the step

edges.

While the analysis of individual STM images gives some qualitative insight into the

behavior of little and highly stepped surfaces, individual images may not represent

the average structure at this miscut angle appropriately. We therefore sum distribu-

tions obtained from several STM images with the same average terrace width to ob-

tain histograms with 4600 – 11600 terrace widths included in the data. We normalize

counts to a normalized probability. We also increase the bin size to 2 atomic sizes.
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Figure 3.6: a) Normalized terrace width distributions for very narrow and increasingly wide step arrays on
the curved Pt crystal with kinked step edges. The mean terrace widths w̃ of the distributions are noted on
the right axis. For the 128.5 nm only the onset of the distribution is shown due to the x-axis being limited
to 50 nm. Gaussian fits are included and give a good fit for the narrow arrays and deviate from the less
symmetric distributions at higher terrace widths. b) Same as a) but showing the x-axis range is extended to
250 nm and y-axis reduced to 0.2, in order to show distributions at higher terrace widths. c) Round markers:
w̃ parameter obtained from the Gaussian fits according to equation 3.1 versus mean terrace width of the
distributions. Black line: Linear fit to all points. Red solid line: linear fit to the first 4 data points (TW <
4 nm). Red dashed line: Linear fit to the remaining 5 data points (TW > 4 nm). d) Zoom-in of Graph in c),
to show data in fits in the range 0 – 10 nm.

We then obtain the distributions in figure 3.6 for statistical analysis. Figures 3.6a)

and b) show the terrace width distributions used for analysis. For distributions with

w̃ < 2 nm, the distributions have a very narrow and symmetric shape. For distribu-

tions with w̃ > 4 nm, instead of a symmetric shape, the distributions feature a steep

onset before reaching their maximum and develop extensive tails. Similar tails were
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observed for stepped Pt surfaces with straight steps by Walter et al.[47] However, for

the very broad distributions, tails here seem to develop rather into a second peak,

as the data from w̃ > 20 nm demonstrates. This behavior, as discussed in regards to

the individual distributions in figure 3.5, does not average out in the summed and

normalised distributions here (figure 3.6b)). This indicates a inherent preference for

introducing wider terraces into the regular arrays. Both LEED and STM confirm that

these wider terraces are not caused by step doubling. For the widest set, it cannot

be clearly distinguished what the main peak is. The distributions were fitted with a

Gaussian distribution with y0 fixed at 0:

f (x) = y0 + A ·e−(
x−x0

wi d th )2
(3.1)

The resulting Gaussian fits match the distributions at small w̃ well. The distributions

at wider terrace widths are not well described by Gaussian functions. It should be

noted, that even though the wider distributions can be fitted with functions contain-

ing two or more Gaussian distributions, that the center positions of these Gaussians

are unique to each distribution. In other words, no common fitting function can be

defined using a set of Gaussians with fixed centers. The development of shoulders

and second peaks in these distributions therefore do not indicate shared ’magic’ ter-

race width sizes, as were found for vicinal Ag surfaces with the same kinked step-

type.[22] As discussed before, Pt has no clear sp-surface state, making such clear

quantum confinement effects unlikely.

We further analyze the Gaussian fits by plotting the width parameters for the fits in

figures 3.6c) and d). In c), the entire range of terrace width over which we have an-

alyzed distributions is shown, from a mean terrace width of 0.85 nm to a mean of

128.5 nm. The width parameter of the Gaussian fit increases with terrace width. A

linear fit to the entire set of data (black line) agrees reasonably well and yields a slope

of ∼ 0.65. However, careful examination of the data in figure 3.6d) shows that the fit

does not fit data below 10 nm well.

In an earlier study investigating step-step interactions on Pt surfaces with straight (A-

or B-type) steps, the authors compared gaussian width to mean terrace width in a

similar way as figure 3.6d).[47] There, a steeper increase of Gaussian width with ter-

race width was found at surfaces with a mean > 4.2 nm. This change was attributed

as a transition from a regime governed by elastic interaction to a regime governed by

entropic repulsion. While in the elastic regime the steps’ dipoles interact with a con-

stant strength, in the wider arrays steps behave as one-dimensional, non-interacting

fermions.

The poor fit in figure 3.6d) suggests a similar behavior here. Fitting data from dis-

tributions with w̃<4 nm gives a trend line (solid red line) with a much smaller slope

(∼0.25) than the previous fit over the entire range, in line with the well-ordered step

arrays and narrow terrace width distributions in this regime. This slope lies in be-
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tween the ones found in the previous study for vicinal surfaces with close-packed

steps in the elastic (∼0.21) and entropic regime (∼0.32).[47] A fit including data of

4 nm<w̃>40 nm (dashed red line), yield a much steeper slope (∼0.59). Even though

the data w̃>100 nm was excluded, this fit agrees well with the previous fit over the

entire range (black line).

The drastic differences found here may be caused by a transition from elastic to en-

tropic interactions dominating the step-step interactions. However, future work in-

cluding more data around the terrace width of ∼5 nm is required to elucidate the

transition.

3.4.3. SUMMARY

In summary, while the average step density, as confirmed by LEED and STM behaves

as expected across the c-Pt(111)[112̄]-31◦ crystal, we observe clear local fluctuations

in the terrace width distributions. This fact may have to be taken into account when

observing chemical reactions involving diffusion on the different surfaces. A more

detailed STM study, including additional images at terrace widths around 2-10 nm

and analysis of their terrace width fluctuations, may reveal insights into the underly-

ing step-step interactions in the future.

3.5. DETERMINING THE STEP CHIRALITY2

While the orientation of step edges on the curved sample as confirmed by LEED gen-

erates chiral step edges as outlined in 3.2, it is not determined which side of the

surface features which chirality. We use the morphology of vacancy islands on the

cleaned surface to identify the chirality of the step edges.

The cleaning procedure for the curved Pt crystal as described in chapters 4 and 5

involves a sputtering step, followed by annealing in oxygen and subsequently in vac-

uum. The last cycle of our cleaning procedure before our STM study however consists

of a modified sputter-anneal cycle to avoid high-temperature induced facetting. For

the STM study, the final cleaning cycle consists of sputtering at 570 K, and annealing

in vacuum at 770 K. See chapter 5 for a thorough discussion of the procedure. Dur-

ing STM imaging we observe that this final cleaning cycle can lead to the presence of

vacancy islands that are a single atom layer deep if the annealing time was too short

to completely restore the pristine surface after sputtering. These islands, as shown in

figure 3.7, feature six flat edges joined by sharp inner corners. The edges follow the

direction of straight A- or B-type steps on the (111) terraces. However, the six edges

are not of equal lengths and instead alternate between shorter and longer segments.

2Parts of this section are included in: T. Roorda, S. V. Auras, and L.B.F. Juurlink. Chiral Surface Characterisa-
tion and Reactivity Toward H–D Exchange of a Curved Platinum Crystal. Topics in Catalysis, 59, 1558-1568
(2020).
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500 nm

(a) (b)

Figure 3.7: STM images of the surface close to the (111), 80 μm from the approximated apex. After sputter-
ing a short annealing step at 900 K leaves vacancy islands on the surface. Their shape is determined by the
line free energies of the two straight step types on the (111) terraces. Segments corresponding to {110}(red)
and {001}(blue) microfacets are marked on the vacancy in the center of the STM image.

Figure 3.7 exemplifies the vacancy islands found on the surface close to the apex.

In all STM images we only find vacancy islands that are a single atomic layer deep,

indicating that during our last sputter step at elevated temperature, the surface is

strictly in a layer-by-layer removal regime. The subsequent, final annealing step at

773 K, is carried out at a temperature where vacancy islands on Pt(111) can assume

their thermally equilibrated shape.[48] Clearly, the annealing time was not sufficient

for all vacancies to be removed. The equilibrium shape can be determined as the

Wulff construction of {001} and {110} facets. The length ratio between short and long

edges (at equilibrium) then correlates to the line free energy of A- and B-type steps,

as shown by Michely et al.[48] We have analysed 20 different vacancy islands at 10

locations close to the crystal’s apex. The average ratio of long-to-short edge was

determined as 0.65 ± 0.06. This agrees very well with the value obtained by Michely

et. al at a similar annealing temperature. Since {110}/B-type steps are energetically

favored,[49] we can identify the longer step edges as B-type steps and shorter edges

as A-type steps.

All of the many vacancy islands appearing in our STM images have the same relative

orientation. In combination with the identification of step types forming these

islands, we can determine the chirality of stepped surfaces on either side of the

crystal. First, we identify the chirality of the corners inside the vacancy islands. We

then realize that the left side of a vacancy island reflects the steps on the right side

of the curved crystal and vice versa. In figure 3.7, the short edges are marked, in

blue, with {001} and the long edge with {110}, in red. We notice that the right corner

of the vacancy island, which steps down towards the left, has a clockwise rotational

chirality, denoted (R). Vice versa, in the left corner we observe a counter-clockwise

chirality denoted by (S), stepping down towards the right of the crystal. The inherent

vacancy defects near the (111) apex of our crystal thus enables us to determine the

chirality of the crystal’s sides, opening the possibility for controlled chiral adsorption
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and reactivity experiments.

3.6. STRUCTURE OF THE KINKED STEP EDGES

3.6.1. MICROSCOPIC RECONSTRUCTIONS ALONG THE KINKED STEP

Figure 3.4 shows the kinked step edges in their fully-kinked form as obtained by the

ideal bulk determination. However, the step edge may reconstruct into longer seg-

ments with a lower kink density while maintaining its overall orientation, as illus-

trated in figure 3.8. All possible configurations along this directions are described

as energetically equivalent in the Ising model, which describes surfaces in terms of

nearest-neighbor interactions.[44] Moreover, the process of reconstruction within a

step edge may be influenced by the prevailing step-step interactions between steps,

as well as the line free-energies of the microfacets that form the segments in between

kinks.

In the limit of complete reconstruction, the entire step could facet into A- and B-

type steps separated by a very low density of kink sites. In the two extreme cases,

fully-kinked and fully-reconstructed step edges, very different physical and chemi-

cal properties may be expected. It is therefore necessary to analyze the structure of

the kinked vicinal surfaces along the crystal’s curvature before drawing conclusions

about the experimentally observed results.

I
II

III

0.240
0.277

Figure 3.8: The fully-kinked step edge can reconstruct into longer facets while maintaining its overall ori-
entation. I, II, and III show segments with one, two, and three atom wide {001} and {110} microfacets. The
distance between atom rows, i.e the atomic spacing along the step edge, is indicated with the purple arrow
and is 0.240 nm for Pt. The distance between atoms within a row, indicated by the grey arrow, is the nearest
neighbour spacing, 0.277 nm for Pt.

3.6.2. STATISTICAL ANALYSIS OF THE KINKED STEP STRUCTURE

For a suitable set of STM images, where 1 px <1 atom=0.24 nm along the step, we

analyse the size of microfacet segments along the step edge. We find the outline of

the step with the same procedure as described above. Figure 3.9a) illustrates this. We

then determine individual segments by following the step edge (in figure a) along the
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Figure 3.9: a) Example of an STM image (10×10 nm) used for the analysis of corrugation along the kinked
step edges. Step edges as found by the Igor Pro procedure are marked in colour. As expected, a high den-
sity of kinks separates short segments with varying lengths. b) Distribution of segment lengths along all
step edges marked in a), separated for {001} (blue) and {110} (red) facets. Each bin represents an additional
atom along the segment length. Bars with thick outlines represent the absolute number of segments with a
specific length. Filled bars represent the absolute number of atoms found in segments of a specific length.
Empty circles indicate the cumulative number of (inner and outer) kinks found in segments of each length,
filled circles indicate the number of atoms that are not directly at a kink site. c) Normalized distributions
of segments, atoms, kink sites, and non-kink atoms in the image. d) Gaussian fits of the normalized distri-
butions of atoms (filled bars in c) in segments of different lengths, for several images along the curvature
of the crystal, with average terrace widths w̃ ranging from <1 nm to >100 nm. Separate fits were carried
out for distributions of {001} (blue) and {110} (red) microfacets. The complete set of distributions included
in the analysis can be found in Appendix A. Details of the fitting protocol are explained in the main text.
e) Top: kink densities and average facet lengths of the kinked step edges as derived directly from the dis-
tribution. (Blue and red markers represent kink densities/ facet lengths in {001} and {110} distributions
respectively, black in the entire step.) Bottom: Variable fit parameters of Gaussian fits. While some varia-
tion of the parameters is obvious, no clear variation with terrace width or microfacet type is found.
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horizontal direction) until its vertical direction (going "up" or "down") reverses for

l>0.24 nm. As we have previously determined the step chirality at the two sides of

the crystal, we can allocate which segments are {001} and {110} microfacets. We sub-

sequently obtain distributions of microfacet lengths for each type per image in bins

of 1 atom row spacing, see figure 3.9b). There, the first bin represents segments with

one atom width, i.e. only inner and outer kinks, the second bin contains two atom

wide segments, i.e. inner and outer kink atoms separated by one additional atom,

etc. Therefore, we can also determine the total number of atoms that can be found

in segments of each type, per image. In figure 3.9b), the empty bars with a thick out-

line show the number of segments of each type. Filled bars with a thin outline give

the total number of atoms in segments of each type. Similarly, we can plot the to-

tal number of (inner and outer) kink atoms found in segments of each type (empty

circles in the figure), and the total number of atoms that are not directly at the kink

site (filled circles). For all analyzed images (see also Appendix A) we find the largest

number of atoms within the first three bins, i.e. short segments are preferred. This

can be explained by simple statistics, where larger deviations from the fully-kinked

case have decreasing statistical weight.[44] The distributions in b) make it possible to

obtain kink densities and average segment lengths for both types of microfacets. We

find these values for kinked step edges in arrays ranging from average terrace widths

w̃<1 nm to w̃>100 nm. While there is some variation in the kink densities found in

different images, no clear trend is observed. Kink density values, displayed in fig-

ure 3.9e) lie consistently in between 1.5 and 2.5 nm−1, corresponding to on average

1.7 - 2.8 atom wide segments along the kinked step edge. For a vicinal Ag surface

with w̃ = 1.13 nm, an average length of kinked segments of 2 - 3 atoms has recently

observed.[22]

It may be argued that kink densities at step arrays with w̃<2 nm are slightly elevated

compared to arrays of larger terrace widths. However, this may also be a consequence

of image sizes and consequent resolution at broader terraces; typically images at

lower step densities need to be larger to show arrays of multiple steps. An excep-

tion to this is the data at w̃>100 nm. There, the mean terrace width was determined

from large image that included multiple steps, whereas the kink density distributions

were determined from a zoom-in on a single step to achieve the required resolution.

The step-step interactions in the arrays of varying step densities thus do not appear

to significantly influence the faceting of the kinked step edges.

The overall orientation of the kinked step dictates equal average kink densities for the

{001} and {110}-type segments. This is confirmed in figure 3.9e), where kink densities

of {001} (blue) and {110} (red) segments are similar for all images. Neither segment

type has consistently lower kink densities than the other.

The difference in line free energies, however, may cause different distributions of the
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two types. As the number of steps and atoms per image will depend on its size and

local step density on the curved crystal, we normalize the distributions (of segments,

atoms, kink atoms, non-kink atoms) individually, as demonstrated in figure 3.9c). We

then fit the distributions of atoms (filled bars in figures b) and c)) with a Gaussian

(see equation 3.1), where y0 = 0 and x0 is fixed to the x-value of the maximum of

the distribution. Distributions for {001} and {110} segments are fitted separately for

each analyzed image. All resulting Gaussian fits are displayed in figure 3.9d). Again,

some fluctuations are observed, but no clear trend in the width of the Gaussian fits

for different microfacet types, nor consistent changes with terrace width w̃. The fit-

ting parameters as plotted in figure 3.9e), reflect this. We attribute variations in the

fits to the limited amount of data available to the distributions (about 90 - 600 per

distribution), resulting from the image size and steps in each image. We expect these

distributions to become even more uniform if more images at the same w̃ would be

analyzed.

The line-free energy of longer segments, which varies for A- and B-type steps does not

appear to significantly influence the structure of the kinked step edges. This suggests

a larger influence of the kink energy, as well as entropy.

3.6.3. SUMMARY

Detailed analysis of the {210} step edges allows us to atomically resolve the rough-

ening of the step edge into segments of variable length. Only a fraction of the

atoms along the kinked step edges are in fully-kinked, one atom wide, segments.

However, reconstructions into very large segments that may behave as A-or B-type

steps are statistically not favored. Furthermore, the different atomic arrangements

of {001} or {110}-oriented segments do not lead to different distributions. Across the

c-Pt(111)[112̄]-31◦ crystal, no consistent changes of kink densities or distributions of

segment length with average terrace width are observed. We thus conclude that the

atomic structure of the kinked step edges is similar for all surface structures contained

on the crystal.
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