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ABSTRACT

Scanning tunneling microscopy (STM) is one of the most prominent techniques to resolve atomic structures of flat surfaces and thin films.
With the scope to answer fundamental questions in physics and chemistry, it was used to elucidate numerous sample systems at the atomic
scale. However, dynamic sample systems are difficult to resolve with STM due to the long acquisition times of typically more than 100 s per
image. Slow electronic feedback loops, slow data acquisition, and the conventional raster scan limit the scan speed. Raster scans introduce
mechanical noise to the image and acquire data discontinuously. Due to the backward and upward scan or the flyback movement of the tip,
image acquisition times are doubled or even quadrupled. By applying the quasi-constant height mode and by using a combination of high-
speed electronics for data acquisition and innovative spiral scan patterns, we could increase the frame rate in STM significantly. In the pre-
sent study, we illustrate the implementation of spiral scan geometries and focus on the scanner input signal and the image visualization.
Constant linear and constant angular velocity spirals were tested on the Ru(0001) surface to resolve chemisorbed atomic oxygen. The spatial
resolution of the spiral scans is comparable to slow raster scans, while the imaging time was reduced from �100 s to �8ms. Within 8ms,
oxygen diffusion processes were atomically resolved.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0071340

Scanning tunneling microscopy (STM) has proven to be a power-
ful tool in surface science. While the spatial resolution is extraordinary
good, the time resolution is very low. Typical image acquisition times
in conventional STM are on the order of 100 s.

A significant increase in the frame rate opens new possibilities to
study dynamic systems.1,2 Faster STMs would lead to higher promi-
nence in academia and industry across different disciplines, such as
life- and materials science.3,4 Limiting factors and challenges for video-
rate and high-speed STMs are discussed in the literature.3,5 The image
rate is mainly limited by three factors: (1) The electronic feedback to
control the tunneling current is slow. (2) The data acquisition is too
slow in conventional hardware and software. (3) The conventional ras-
ter scan geometry is inefficient and introduces mechanical noise to the
scanner. The noise that couples to the scanner is further determined
by the mechanical properties of the STM scanner unit.6–8

Some approaches exist to increase the frame rate by using special
pre-amplifiers,9–15 benefiting from the mechanical properties of the

STM scanner,16–18 or by applying slightly varied scan geometries.
While unconventional scan geometries have already been explored in
other scanning microscopy techniques, such as atomic force micros-
copy (AFM) and scanning transmission electron microscopy (STEM),
STM still sticks to the conventional raster scan.

One drawback of the raster scan is the discontinuous data acqui-
sition. Due to the backward scan or the flyback movement of the tip,
the scan area is imaged four times within one measurement. The
image contrast can vary significantly due to the rapidly changing scan
direction. In addition, these rapid changes in the tip propagation direc-
tion and the tip velocity cause mechanical resonances in the system,
which in turn distort the image.

Although variations from the triangular shaped raster scan in
STM were performed by reducing the time-of-walk (TOW)2 or by
using sine waves as input signals for the fast scan direction,19 these
changes are minor compared to other scanning techniques, where
Lissajous, cycloid, and spiral trajectories have been tested.20–28
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So far, unconventional scan patterns have not been employed to
increase the frame rate in STM. This is surprising considering that the
advantages of unconventional scans in scanning probe micoscopy
(SPM) are widely discussed in the literature.20,23,27,29–34

To shift the paradigm from the inefficient raster scan to innova-
tive scan patterns, we show a pathway toward higher frame rates with
atomic resolution. In this study, we apply the spiral scan pattern to
STM, which implies important adjustments of the input signal genera-
tion. We present high-speed STM images acquired with spiral geome-
tries. The image resolution is comparable to conventional slow scans.
With the increased frame rate at high spatial resolution, this innova-
tion can broaden the field of scientific applications in many disciplines,
in both academia and industry.

To test different spiral geometries and to compare them with
slow raster scan images, we imaged the hexagonal structure of the 3O
(2� 2) adlayer on Ru(0001). The system is well studied by STM and is
important for catalytic reactions and for supported thin films.35 In
addition, we measured the dynamics of single oxygen atoms on the
oxygen covered Ru(0001) surface in analogy toWintterlin et al.19

The sample preparation and measurements were performed in
ultrahigh vacuum (UHV) at a base pressure in the range of 10�9

mbar. STM images are acquired at room temperature with a custom
designed and home built STM with a PtIr tip. The microscope design
is similar to the Pan-STM36 and exhibits low thermal drift characteris-
tics due to its compact, rigid, and highly symmetric design. The piezo-
electric scanner exhibits a high resonance frequency of above 1MHz.

The scanner can be driven in the conventional slow raster scan
mode, for which commercial hardware is used. For the high-speed spi-
ral scan, a Versa Module Eurocard-bus (VMEbus) system running
Experimental Physics and Industrial Control System (EPICS) on Real-
Time Executive for Multiprocessor Systems (RTEMS)37 is used with a

field programmable gate array (FPGA) of a maximum sampling rate
of 250MHz. The arbitrary waveform generator V375 from Highland
Technology generates the input voltage signal for the tube piezo. The
14 bit digitizer SIS3316 from Struck collects the data and writes data
chunks to a process variable (PV) that is provided within the EPICS
framework.

To store the data, we use the pvapy python interface for EPICS,38

which subscribes to the PV. In python, we create a producer thread to
collect the frames in a queue on a local machine. A consumer thread
stores the frames as hierarchical data format version 5 (HDF5) files. In
parallel, another independent thread, which can run on a different
machine, subscribes to the PV and collects frames. After basic process-
ing of the data, live images of the spiral scan are provided within the
EPICS framework. The resulting live video of the scan is displayed in a
customized desktop application, which uses the Phoebus framework.39

In the Phoebus desktop application, control tools for the spiral scan
are implemented. This enables the live observation of scan results and
the controlled selection and changing of the scan area for high-speed
scans.

To create the spiral scan voltage input signals for the scanner, we
developed a customizable signal generation that is realized via the arbi-
trary waveform generator. Further details of the scanner design, soft-
ware implementation, and data acquisition are described in Ref. 40.

As reference for the image resolution, the 3O (2� 2) layer on
Ru(0001) is scanned with commercial electronic hardware and the
conventional raster scan pattern. The resulting STM image is shown
in Fig. 1(a). Oxygen atoms appear as protrusions and form the clearly
resolved hexagonal structure. Different forms of raster scans exist, all
exhibiting sharp points of inversion in the voltage input signal and the
piezo-movement. For illustration, the line-by-line motion is schemati-
cally shown in Fig. 1(b). While the data sampling points are easily

FIG. 1. Comparison of conventional raster and spiral scan STM. (a)–(c) Raster and (d)–(f) spiral geometry in STM. (a) and (d) Atomically resolved STM images of the
3O(2� 2) structure on Ru(0001) (VS¼ 1 V, IT¼ 1 nA, 5� 5 nm2). (b) and (e) Schematic illustration of the raster and the spiral scan. The triangles represent data sampling
points, indicate the scan direction, and are color coded as shown on the right inset. Two-dimensional grids are overlaid, representing the 2D array of image pixels. (c) and (f)
Lateral displacement in x and y of the STM tip as a function of time in the raster and the spiral scan. For the raster geometry in (c), the fast and the slow scan direction are plot-
ted for the forward and backward scans for both, downward and upward scan. For the spiral geometry in (f), the signal for outward and inward scan is smoothly connected
without changes in the slope nor abrupt changes in the displacement.
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mapped on a 2D grid to create the image, it becomes obvious that the
data information is discontinuous due to the backward motion of the
STM tip after each line. The abrupt changes in the scan direction are
shown in Fig. 1(c). These sharp points of inversion introduce mechan-
ical resonances to the system, which then distort the STM image. This
effect is severe at high tip velocities. Not only the tip velocity limits the
frame rate but also the fact that the tip scans the surface four times
(up, down, forward, backward) per measurement cycle.

To scan with higher tip velocities and to reduce the time for one
measurement cycle, the input signal must be smooth and the real
space must be scanned efficiently. Lissajous, cycloid trajectories, and
spiral geometries satisfy the requirement of smooth voltage input sig-
nals that transform to smooth lateral displacements of the tip. Main
advantages of spirals are the continuous scan direction and the very
efficient scan of the real space.

Spirals are subject in many areas of scientific research and are
widespread in nature. Different mathematical expressions exist for spi-
ral geometries. In the present study, we will stick to Cartesian coordi-
nates because they directly relate to the voltage input signal and the
lateral displacement of the scanner. Figure 1(d) shows the same oxy-
gen covered Ru(0001) surface as Fig. 1(a) scanned with a spiral pat-
tern. As in the slow raster scan, the oxygen atoms appear as
protrusions and the hexagonal structure of the adlayer is clearly
resolved. The image resolution is comparable to the slow raster scan
image, while the acquisition time of 50ms is more than 3000 times
lower than for the conventional scan.

The high frame rate was achieved thanks to the spiral geometry
schematically shown in Fig. 1(e). The data acquisition is continuous,
and the data points can be mapped on the shown 2D grid by averaging
the intensities per grid point. Details of the image reconstruction are
explained later.

The input signals for the x- and y-direction are smooth, as shown
in Fig. 1(f). To avoid image distortions, we pursued the main idea to
avoid abrupt changes in the scan speed and the tip displacement.
Therefore, the outward and inward scans are combined smoothly.

The spiral scan is widely adjustable and customizable with
parameters a and b as given in the following equations:

x ¼ ta � cos ðx � tbÞ; (1)

y ¼ ta � sin ðx � tbÞ; (2)

x and y are the spatial coordinates as drawn in Fig. 1(f). t resembles
the time. The frequency x adjusts the line density in a spiral within a
given time. The line density can also be expressed in terms of the dis-
tance between two neighbored lines (pitch size) or the number of rota-
tions of the STM within one frame. If the number of rotations is fixed,
two parameters tune the spiral geometry and tip velocity. a changes
the amplitude of the scan input signal over time and, therefore, allows
to drive different spiral geometries, such as Archimedean or Fermat
spirals.26 With constant sampling frequencies, the acquired data points
are equidistant in time. b adjusts the data point density in real space
along the tip trajectory and changes the tip velocity from constant lin-
ear velocity (CLV) to constant angular velocity (CAV), for instance.
CLV and CAV scans are compared later in terms of image resolution.

First, we focus on the implementation of the spiral signal to
STM. The implementation is independent of the parameters x, a, and
b. Therefore, for simplicity, the Archimedean spiral at CAV is used as

example. Most importantly, the spiral signal implementation is inde-
pendent of the STM scanner design. The signal is generally applicable
and only small adjustments are necessary.41–43 Our setup, for instance,
uses a four-segmented piezoelectric tube to perform the scanning
motion.44

To avoid the limiting electronic feedback loop, we scan in quasi-
constant height mode. In this mode, a slow feedback loop that does
not interfere with the spiral scan compensates thermal drifts. As in
constant height mode, the tilting between the plane of the lateral
movement of the STM tip and the scanned surface must be corrected
in x and y directions. Figure 2(a) sketches the tilt angle a in the x-
direction. The z input signal, which changes the tip-sample distance, is
used to correct for the tilting between sample surface and scanner. z
depends on the tilt angles in x and y directions (a and b) and is a linear
combination of the input signals for the lateral tip displacement in x
and y, as given in the following equation:

z ¼ tan ðaÞ � x þ tan ðbÞ � y: (3)

Figure 2(b) shows the tip displacement in x, y, and z for the out-
ward scan of the Archimedean spiral at CAV. Due to the
Archimedean geometry, the amplitudes of the sine waves increase line-
arly with time. x and y are phase shifted by 90�. z is exemplarily shown
for the case that the tilt angles a and b are the same. The displacement

FIG. 2. Tilt correction for the spiral scan geometry. (a) Scheme of the tilt angle a
between the plane of lateral movement of the STM tip and the sample surface. The
three color coded input signals x, y, and z are connected to the STM scanner and
produce the height corrected spiral scan geometry. (b) Tip displacement in x, y, and
z over time. The three dotted lines illustrate the phase shift of x, y, and z.
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of z is scaled arbitrary, because it depends on the proportion of lateral
and vertical displacement of the STM scanner unit.

The input signal is completely customizable in terms of the scan
geometry and the tip velocity. Figure 3 shows two spiral scans on the
same 3O(2� 2) covered Ru(0001) surface. In Fig. 3(a), the tip scans
with constant linear velocity. The sampling points (triangles) are equi-
distant along the scan trajectory and are homogeneously distributed.
The tip moves faster in the center and slower at the rim. In Fig. 3(b),
the tip scans with constant angular velocity. In contrast to the CLV
scan, the sampling points are not equidistant along the scan trajectory.
This is due to the fact that the sampling frequency is constant and that
the tip spends the same time for the inner and the outer rotations. In
terms of sampling point distribution, the CLV scan is favorable.
However, Figs. 3(c) and 3(d) show that the image contrast in STM
images varies significantly between CLV and CAV scans. While the
CAV scan shows clearly resolved atomic sites, especially in the center
of the image, the CLV scan shows uniform but in general lower image
contrast. Therefore, the CAV scan seems to be preferable for spiral
STM measurements. Further parameter studies are the scope of future
studies.

As mentioned above, the spiral data points do not represent 2D
grid points. Therefore, a display method must be developed to

visualize the point cloud. In the following, we use the CAV scan from
Fig. 3(d) to demonstrate different image reconstruction methods. To
visualize and to analyze spiral scan images, we are developing a purely
Python-based program, which is freely accessible.45 Besides numerous
1D signal filters and 2D image filters, we implemented different image
reconstruction methods.

Figure 4 shows three different methods to display the non-grid
data as a two-dimensional image. Computationally most feasible is the
2D histogram. The equidistant 2D grid bins the point cloud, and the
average intensity values are assigned to the corresponding bins. The
smallest unit of the grid is the area of 1 bin� 1 bin. Therefore, this
area can be represented as one pixel in a 2D raster image. The afore-
mentioned live display of the spiral scan needs such a fast routine. As
example, we provide a real time video in the supplementary material,
which shows consecutive 2D histograms reconstructed from unfiltered
data. The 2D histogram images exhibit atomic resolution and have few
empty pixels for small image dimensions up to x

2 pixels.
However, for larger image sizes, the pixels without data points

increase. Figure 4(a) gives an example of such a 2D histogram with
300 bins� 300 bins that exhibits many “empty” pixels. In the zoomed

FIG. 3. Constant linear and constant angular velocity in spiral STM. The figure
reads like a table. (a) and (b) Spiral STM images with overlaid schematical tip tra-
jectories for constant linear and constant angular tip velocities, respectively. For
visualization, triangles represent data sampling points, in analogy to Fig. 1. (c) and
(d) The respective STM images of the 3O(2� 2) structure on Ru(0001) with the
unit cell drawn in orange. Scan parameters for all images: VS¼ 1 V, IT¼ 1 nA,
scan diameter¼ 5 nm, acquisition time per image: 8.3 ms. Time stamps are given
in the images.

FIG. 4. Image reconstruction of spiral STM scans. The reconstruction is based on
the same dataset as presented in Fig. 3(d). (a) 2D histogram with 300 bins� 300
bins and (b) zoomed section of (a). (c) STM image reconstructed on the basis of
(a) with the inpaint algorithm and (d) zoomed section of (c). (e) Interpolated STM
image from the acquired point cloud and (f) zoomed section of (e).
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section in Fig. 4(b), the spiral trajectory is visible and the image con-
trast that shows atomic resolution is hardly detectable. Based on this
2D histogram, the image in Fig. 4(c) is reconstructed with the inpaint
algorithm, which is implemented in the scikit-image python pack-
age.46 The atoms are clearly resolved, and the image contrast is more
pleasant for the human eye, compared to the 2D histogram. Even in
the zoomed section in Fig. 4(d), the image contrast is very good.
Figure 4(e) shows the interpolated point cloud that is mapped on an
300� 300 pixels 2D raster image. For the interpolation, the scipy
python package is used.47 The image contrast is similar to the
inpainted image. This becomes obvious comparing the zoomed sec-
tions in Figs. 4(d) and 4(f).

While the image contrast of inpainted and interpolated images is
very pleasant for the human eye due to the increased pixel number,
these image reconstructions are computational expensive. Therefore,
they are most suitable for post-processing of high-speed scans.

To demonstrate the high-speed capability of spiral STM, we mea-
sured the dynamic system of chemisorbed atomic oxygen on
Ru(0001). The acquired images in Fig. 5 are reconstructed with the

inpaint algorithm. Each image was acquired in 8.3ms, which corre-
sponds to a frame rate of 120Hz.

In the following discussion, we focus on the marked sections in
the upper right corner of the spiral STM images. Two oxygen atoms
are resolved in this section. From frame (a) to frame (b), the atoms
stay at their positions. Then, the upper atom jumps to a lower position,
as marked in Fig. 5(e). After another 8.3ms, the atom jumps a longer
distance, as visualized in Fig. 5(f).

Thanks to the spiral scan geometry, we were able to increase the
frame rate of our STM to resolve these fast atomic dynamics. In our
custom-developed visualization program, we implemented tools to
track features over time and analyze their dynamics. These tools enable
future investigations of diffusion processes and other dynamic pro-
cesses, such as chemical reactions and structural changes.

The spiral scan modes that we tested, namely, CLV and CAV
Archimedean scans, showed atomic resolution with similar contrast as
the slow raster scan. In the presented case, the CAV spiral scan showed
higher image contrast, especially in the center of the image. In future
works, the influence of the spiral geometry, especially of the parame-
ters a and b, will be investigated. The high-speed spiral scans resolved
the dynamics of atomic oxygen on Ru(0001) with a time resolution
that exceeds reported STM frame rates. Considering that these images
are the first spiral STM images and that more parameter studies and
innovations in terms of electronic hardware can push the limits fur-
ther, we are confident that spiral STM opens up the possibility to
resolve sub-millisecond dynamics.

We have shown that spiral scan patterns can be implemented in
STM to increase its frame rate. The spiral geometry is applicable to
any STM scanner design. We discussed image reconstruction methods
based on acquired spiral STM data. To overcome the challenge of data
visualization and analysis of non-raster images, we provide a freely
accessible Python-based software for the analysis of data point clouds.
We showed the capability of spiral STM to capture dynamics at the
atomic scale in the millisecond range, and we are convinced that soon
sub-millisecond dynamics are accessible with this setup. With this
proof of principle, we hope to set the start for a paradigm shift in the
STM community regarding the scan pattern design.

See the supplementary material that includes a high-speed spiral
STM video. The video shows the Ru(0001) surface covered with
atomic oxygen (coverage¼ 0.1). Every frame represents a 2D-
histogram with 100� 100 grid points of the unfiltered raw data. Using
this display method, this video is an example of the live video that can
be viewed by the user during the STM measurement, as mentioned in
the main manuscript. For visualization, the intensity range of the
frames is adjusted (equalization). The frame rate of the video is 30Hz,
i.e., every frame is acquired within 33.3ms. The displayed real time at
the bottom of the video is extracted from the real time operating sys-
tem RTEMS. As implied by the displayed time, the provided video is
extracted from a longer recorded sequence. The total length of the
recorded sequence is 4min.

This project has received funding from the European Research
Council (ERC) under the European Unions Horizon 2020 Research
and Innovation Program (Grant Agreement No. 669179). L.G.
acknowledges support by the IMPRS for Elementary Processes in
Physical Chemistry.

FIG. 5. Dynamics of single oxygen atoms on Ru(0001) captured with spiral STM.
(a)–(d) High-speed spiral STM image with atomically resolved single oxygen atoms
on Ru(0001). (e) and (f) Zoomed sections from (c) and (d), respectively. The oxy-
gen atom positions are marked with color coded circles. Two hopping events are
observed. Scan parameters for all images: VS¼ 0.9 V, IT¼ 2 nA, scan diame-
ter¼ 5 nm, and acquisition time: 8.3 ms.
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