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The dynamics within an O(2 x 1) adlayer on Ru(0001) is studied by density functional theory and high-
speed scanning tunneling microscopy. Transition state theory proposes dynamic oxygen species in the

reduced O(2 x 1) layer at room temperature. Collective diffusion processes can result in structural

reorientations of characteristic stripe patterns. Spiral high-speed scanning tunneling microscopy
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measurements reveal this reorientation as a function of time in real space. Measurements, ranging over
several minutes with constantly high frame rates of 20 Hz resolved the gradual reorientation. Moreover,
reversible fast flipping events of stripe patterns are observed. These measurements relate the

observations of long-term atomic rearrangements and their underlying fast processes captured within

rsc.li/pccp several tens of milliseconds.

1 Introduction

In numerous research fields, scanning tunneling microscopy
(STM) is a popular surface science tool. Since its invention it
has been used to reveal numerous surface structures'™ and
properties.”®> The focus in chemical physics, especially in
model catalyst systems is shifting towards the study of dynamic
systems, such as mobile adsorbates on surfaces.®™* To capture
the dynamics on short timescales, the frame rate of STMs has
to be increased.'® Therefore, the way how STM measurements
are performed needs to be changed considerably."”

In the present study we apply a custom built high-speed STM
using an innovative spiral scan pattern to investigate the well
studied sample system of chemisorbed oxygen on Ruthenium,
which has been shown to be important for model catalyst
preparation and thin film growth. The oxygen -covered
Ru(0001) surface is investigated at room temperature. Molecu-
lar oxygen dissociates on the Ru surface and forms various
superstructures depending on the sample temperature. Close
to room temperature, the O(2 x 1) superstructure is stable.'®2°
LEED studies were performed that showed the spontaneous
formation of the O(2 x 1) structure if the coverage exceeds
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0.37 ML.*" Using STM a characteristic stripe pattern of the
O(2 x 1) phase without showing individual atomic sites was
revealed. While within the stripe pattern, individual oxygen
vacancies were resolved.'® In the literature, temperature and
coverage dependent studies have been performed, showing
individual static snapshots of the adlayer configuration. On
the basis of those results, possible formation processes of the
O(2 x 1) structure were discussed® including 1D growth of
individual line segments and 2D ordering by forming line
pairs.’® To the best of our knowledge, so far, the dynamics
inside the O(2 x 1) layer and the dynamics to form the layer
have not been resolved in real space.

We provide real time and real space measurements that
reveal vacancy diffusion inside the O(2 x 1) layer. Fast flipping
events could be captured within several tens of milliseconds,
while rearrangements of the stripe patterns on the nanometer
scale are observed within several minutes while scanning
continuously with 20 frames s™'. Scanning at this constantly
high frame rate allows to analyze the connection between slow
large scale phenomena and very fast single elementary
processes.

2 Theoretical modeling and
experimental details
To examine the potential energy surface of migrating oxygen in

the O(2 x 1) adlayer on Ru(0001) involving O vacancies, i.e. a
slightly reduced adlayer, local minima and connecting
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transition structures were optimized based on DFT. The Kohn-
Sham-Schrédinger equations were solved within the projector-
augmented wave (PAW)**?** approach to describe the
interaction between valence electrons and ionic cores as imple-
mented in the Vienna ab initio simulation package, VASP.>**
The PAW pseudopotential for Ru was generated based on the
electron configuration 4s®> 4p® 4d®, and the corresponding
electron configuration for O was generated via a 2s* 2p*
configuration (PAW datasets as of version 5.4). As described in detail
elsewhere,”® we employed six Ru layers in periodic slab models
together with 10 A of a vacuum gap in direction normal to the
surface. The (4 x 2) supercell calculations use (3 x 6) Monkhorst-
Pack” k-point meshes to sample Brillouin zones. The Methfessel-
Paxton method®® for numerical integrations over reciprocal space
was used together with a (finite temperature) smearing width of
0.1 eV. A plane wave kinetic energy cutoff of 600 eV was applied.
Electronic and ionic optimizations were stopped using break criteria
of 107° eV and 0.01 eV A™*, respectively. Transition structures were
localized by virtue of the improved dimer method***° deploying a
break criterion of 0.04 eV A~". After successful optimization and
subsequent frequency calculation to proof the structure a first order
saddle point, slab models were reoptimized excluding the migrating
oxygen in bridge position and the two directly bound Ru atoms. The
coordinates of the three bottommost Ru layers were also kept frozen
in (ideal) bulk positions.

To describe the interelectron exchange and correlation
effects, the meta-generalized-gradient-approximation (meta-
GGA) SCAN®' was invoked. This acronym stands for strongly
constrained and appropriately normed. We had applied this
functional in previous work and compared its performance
with the supposedly more accurate random-phase approxi-
mation (RPA).*® SCAN energy barriers are estimated to be
0.139 eV higher than corresponding RPA results.

Experimental measurements were performed with the custom
built STM, especially designed for high-speed acquisition.>** The
conventional slow raster scan uses commercial hardware and soft-
ware, while for the high-speed measurements self programmed
electronics and voltage input signals are applied.>*?* In the present
study, we scanned with Archimedean spirals and at constant
angular velocity (CAV). For visualization, the image contrast is
enhanced by using histogram equalization with kernel sizes of 1/4
of the image size. The images are slightly smoothened with
Gaussian filters. Sample preparation and measurements were per-
formed in ultra-high vacuum (UHV) at a base pressure of 10
mbar. The atomically flat Ru(0001) surface was prepared by repeat-
ing cycles of Ar* bombardment, annealing in UHV at 1300 K for up
to 5 min, and annealing in oxygen atmosphere for 20 min. After the
Ru crystal cooled down below 380 K, molecular oxygen was exposed
at 1-2 x 10~ ® mbar for 1-2 min. All STM measurements are
performed at 300 K.

3 Results and discussion

To generate an overview image of the O(2 x 1) structure on the
flat Ruthenium surface, we performed STM measurements
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using the conventional raster scan in constant current mode.
The STM image in Fig. 1a was acquired within 100 s and shows
the characteristic stripe pattern of the O(2 x 1) structure that
has been reported in the literature.'®**** The single stripes are
highlighted with green lines. In the right section of the STM
image, a domain with different stripe orientation is detected. In
larger overview images, several domains of different orienta-
tions rotated by 120 degrees can be identified, as reported in
the literature.®>® In the first part of this paper, we focus on a
single domain with one stripe orientation. The corresponding
unit cell is drawn in black in Fig. 1. For visualization, the
schematic model of the adsorbed O atoms on Ruthenium is
shown in Fig. 1b.

From the slow scan STM image in Fig. 1a, it is obvious that
the O(2 x 1) layer is not completely closed. Depleted areas next
to the stripe pattern and single depleted regions along the 1D
lines are detectable. This observation is in agreement with
reported vacancies in the O(2 x 1) layer.'® In a recent publica-
tion, we resolved dynamic hopping events in an O(2 x 2) layer
and could show the relatively high mobility of oxygen vacancies
within the adlayer at room temperature.*® The question arises
whether or not the vacancies in the O(2 x 1) layer are also
mobile.

To answer the question whether oxygen diffusion at room
temperature is feasible, we performed DFT calculations. SCAN
calculations are performed in analogy to ref. 26, where we
showed that the energy differences determined with SCAN are
similar to free energy barriers. For DFT calculations, the
vacancy in the O(2 x 1) layer is modeled by the 30(4 x 2)
structure. The unit cell is marked with a dotted line in Fig. 2a
and the proposed diffusion path of the oxygen atom towards
the vacant site is marked with color coded straight lines. The
diagram shows the corresponding energy differences for single
diffusion steps. The barriers for the diffusion via the fcc site to
the adjacent vacant hep site on the (1 x 1) grid are in the range
of 0.69 eV to 0.73 eV. At room temperature, these energy
differences result in jump rates in the order of 3 to 16 Hz,
according to Eyring’s transition state theory.>® Remarkably, the

Fig. 1 O(2 x 1) adlayer on Ru(0001). (a) Constant current STM image with
resolved line features characteristic for the O(2 x 1) phase (Vs = 0.6 V,
It = 1.4 nA, scan area = 9 x 9 nm?, acquisition time = 100 s). The straight
lines are marked in green and the unit cell is drawn in black. For
comparison, the atomic model is shown in (b).

This journal is © the Owner Societies 2022
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Fig. 2 Possible diffusion pathway of oxygen in the 30(4 x 2) structure on
Ru(0001). (a) Unit cell for theoretical calculations with color coded sites
along the oxygen diffusion pathway. Energy differences for occupied sites
along the diffusion pathway calculated with SCAN are plotted in the right
diagram. (b) Sections of repeated unit cells of the initial 30(4 x 4) structure
(2.3 m x 1.3 nm). (c) Section of repeated unit cells after oxygen diffusion
from the hcp (2 x 1) site to the hep (1 x 1) site.

occupation of the hep (1 x 1) site is energetically more favor-
able by 0.07 eV. This energy difference can be explained with
the minimum repulsion of oxygen atoms at this Fermat point.

We found that the diffusion of oxygen towards the next
adjacent vacant hcp site on the (2 x 1) grid in the center of the
unit cell is not feasible. The fcc site along the dotted path is very
unstable, which may even result in oxygen desorption.

Considering the diffusion event towards the hep (1 x 1) site
in several unit cells leads to Fig. 2b and c. Fig. 2b shows the
30(4 x 2) structure in the same orientation as the unit cell
drawn in Fig. 2a. The orientation of the stripe pattern is marked
with green lines. Due to the periodic vacancies, every second
stripe is less dense in terms of oxygen concentration. After the
diffusion of oxygen to the hep (1 x 1) sites, the orientation of
the stripes changes by 120 degrees (blue lines). This reorienta-
tion indicates that at high local oxygen vacancy concentrations
in the O(2 x 1) layer the orientation of stripe patterns can
change upon diffusion processes. The question arises whether
or not these diffusion processes that lead to structural changes
on larger length scales can also be resolved in real space and in
real time.

To resolve the atom dynamics, the frame rate of the STM
measurements must be sufficiently high. By applying the spiral
high-speed scan to the same area as shown in Fig. 1a, STM
images could be acquired within 33 ms. Fig. 3a and b show two
consecutive spiral STM images. The stripe pattern is resolved
and comparable to the slow raster scan. The regions marked
with dashed rectangles in Fig. 3 magnify the parallel arranged
1D lines. Along the upper 1D line segment a depletion is
detected. The contrast is similar to the one described in
ref. 19 and the depletion is attributed to an oxygen vacancy.
In the consecutive frame 33 ms later, the vacancy jumps to an
adjacent position as indicated by the white arrow in Fig. 3b.
More of these hopping events in the O(2 x 1) layer could be

This journal is © the Owner Societies 2022
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Fig. 3 High-speed spiral STM images of the O(2 x 1) adlayer on Ru(0001).

(a) and (b) are consecutive spiral STM images recorded with 30 frames s™*.

An oxygen vacancy appearing as depletion changes its position from (a) to
(b). The vacancy is marked with a green circle in the zoomed insets. The
dotted green circle in (b) marks the previous vacancy position from
(@. (Vs = 0.6V, I+ = 1.4 nA, scan diameter = 9 nm, acquisition time = 33
ms, scan dimensions of insets: 2.7 x 2.2 nm?).

resolved. The oxygen vacancies show jump rates in the order of
0.1 to 1 Hz. In the ESIL, T we provide the frame series before and
after the hopping event shown in Fig. 3 in the form of a slow-
motion video.

The atomic species in a single domain of the O(2 x 1)
adlayer are mobile on the Ru(0001) surface. Now we focus on
areas with differently oriented domains and analyze scan
sequences that are extracted from longer measurements
acquired with constantly high frame rates of 20 frames s .
In Fig. 4, six spiral STM images are shown covering almost
1.5 min. Fig. 4g plots the normalized length of the 1D stripes of
the respective domains. The provided color code refers to the
stripe orientations. In Fig. 4a, two different orientations can be
identified: one domain with more horizontal 1D lines (blue) in
the right section of the image and more vertical lines (orange)
in the lower part of the image. With time the vertical stripes
(orange lines) grow and cross the horizontal (blue) lines after
roughly 65 seconds in Fig. 4c. Fig. 4g shows that the orange
domain grows at the expense of the blue domain. Later, this
process of the growing orange domain is reverted. Again, the
blue and the orange line in Fig. 4g are opposed. Within the 87
seconds of the scan, the orange domain increases and
decreases in size several times until the final configuration is
dominated by the blue domain. 22 seconds after the configu-
ration with the orange domain in the center in Fig. 4c, the blue
domain dominates the central area in Fig. 4f. In comparison,
Fig. 4c and f show a similar structural rearrangement as
proposed in the theoretical model shown in Fig. 2b and c. In
contrast to the collective jumps in the DFT model due to the
periodic boundary conditions, the rearrangement shown in
Fig. 4 is a result of numerous dynamic processes at the atomic
scale. To show the complete STM image sequence from which
Fig. 4 was extracted, we provide a real time video in the ESL{

As obvious from Fig. 4, the structural changes evolve over
time and consist of consecutive dynamic events. To assess the
individual dynamic events, we extracted consecutive images
from the same dataset. The assigned times are synchronized
with the times displayed in Fig. 4. In Fig. 5, we follow the jumps

Phys. Chem. Chem. Phys., 2022, 24,15265-15270 | 15267
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Fig. 4 Structural evolution in the O(2 x 1) phase over time. Six STM
images are shown that are extracted from a longer image series acquired
with 20 frames s~ (Vs = 1V, It = 1 nA, scan diameter = 9 nm, acquisition
time per image = 50 ms). The orientations of the 1D stripes are marked
with colored lines in (c) and (f). (g) Evolution of the normalized length of 1D
lines with different orientations. The time of the images in (a)-(f) are
marked with vertical gray lines.

of oxygen atoms close to the boundary of two domains. For
visualization the region of interest marked with dashed rectan-
gles is magnified in Fig. 5c-h. Jump events are resolved in
subsequent STM images with time differences of 50 ms
(Fig. 5¢-d). In the following second, the configuration in the
row circled in orange changes without preferred configura-
tions. The atoms jump back and forth. The jumps result in
several atomic configurations that can also recur. The configu-
ration of the 1D line marked in orange in Fig. 5¢ and h, for
instance, is the same.

The dynamic processes change the appearance of the 1D
lines in this single O(2 x 1) domain. However, in Fig. 5 the
orientation of the 1D lines does not change over time. The
question arises if changes in the orientation can also be
observed on the timescale of milliseconds or if the reconstruc-
tion in Fig. 4 results from numerous undirected hopping events
and thus is a process that ranges over several seconds to
minutes as shown in Fig. 5.

To answer this question, we focus on the central region of
the spiral scan, where the spatial resolution is increased due to
the CAV mode of the spiral scan.*® Fig. 6¢c and d show the
magnified regions with color coded 1D lines. Within 50 ms, the
line pattern changes abruptly and vertical, green lines ‘“con-
vert” to horizontal, blue lines. This phenomenon is similar to

15268 | Phys. Chem. Chem. Phys., 2022, 24,15265-15270
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Fig. 5 Atomically resolved individual jump events in the O(2 x 1) phase.
(a) and (b) show the entire spiral scan area of 9 nm. The dashed frames
indicate the region of interest, which is magnified in (c) and (d). (c)-(h)
show the same region at different times as indicated by the time stamps at
the bottom of each image. Hopping events of individual oxygen atoms are
observed, especially in the 1D line marked in orange. Different atomic
configurations are resolved. The changes in configuration are reversible.
The spiral scans are extracted from the same image series as for Fig. 4 and
the time stamps coincide. (Vs = 1V, I+ = 1 nA, 20 frames s7% scan
dimensions of insets: 3.4 x 5.1 nm?).

the “long-term” reorientation shown in Fig. 4 and to the
theoretical flipping processes shown in Fig. 2. The flipping is
captured on the millisecond timescale and fast reversible
processes are observed. As shown in the upper left corner of
Fig. 6e-h, the 1D line configuration changes from vertical
(orange) to horizontal (blue) and vice versa. Similar to the
atomic jump events resolved in Fig. 5, the reorientations of
the 1D line profiles are reversible within very short times in the
order of several 10 to 100 ms. Fig. 6i shows the curves of Fig. 4g
zoomed by a factor of 10 along the time axis. The zoom
illustrates the abrupt changes in the domain sizes of different
orientations. The blue and the orange domain compete and
they grow at the expense of the other.

This reversible competing growth is similar to the one
observed on longer timescales described above. The displayed
real times of fast flipping events in Fig. 6 and evolving domains
in Fig. 4 agree very well. Within the time when structural
changes are observed over several tens of seconds, local flip
events of 1D lines in several tens of milliseconds as shown in
Fig. 6¢c and d were observed.

This journal is © the Owner Societies 2022
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Fig. 6 Flipping 1D line orientations in the O(2 x 1) phase. (a) and (b) show the
entire spiral scan area of 9 nm. The dashed frames indicate the region of
interest, which is magnified in (c) and (d). (c)-(n) show the same region at
different times as indicated by the time stamps at the bottom of each image.
(i) Evolution of the normalized length of 1D lines with different orientations
(zoom of Fig. 4g). The time of frames (e)—(h) is marked in gray. Within short time
differences of 50 to 100 ms flipping events of stripe patterns of the O2 x 1)
structure are observed. The processes are reversible. The spiral scans are
extracted from the same image series as for Fig. 4 and 5. (Vs = 1V, I+ = 1 nA,
20 frames s7%). The time stamps relate to Fig. 4 and 5.
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It becomes obvious that the phenomena observed at the
millisecond timescale directly relate to the observations over
several tens of seconds or even minutes.

4 Conclusions

Fast structural reorientations of the 1D lines in O(2 x 1)
domains on Ru(0001) were captured thanks to the increased
frame rate of the spiral STM. STM measurements over several
minutes with constantly high frame rates revealed the connec-
tion between fast elementary processes and long-term struc-
tural changes. DFT can explain both the high mobility in the
oxygen adlayer at room temperature and the phenomenon of
reorienting stripe patterns.
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