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ABSTRACT Due to the atomic-scale resolution, scanning tunnel-
ing microscopy is an ideal technique to observe the smallest objects.
Nevertheless, it suffers from very long capturing times in order to
investigate dynamic processes at the nanoscale. We address this
issue, for vortex matter in NbSe,, by driving the vortices using an ac
magnetic field and probing the induced periodic tunnel current
modulations. Our results reveal different dynamical modes of the
driven vortex lattices. In addition, by recording and synchronizing

the time evolution of the tunneling current at each pixel, we

visualize the overall dynamics of the vortex lattice with submillisecond time resolution and subnanometer spatial resolution.
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he dynamics of nanoscale objects

forms a very interesting field of re-

search with a strong technological
impact.'? The ability to control these pro-
cesses (e.g., by electromagnetic field,** cur-
rent,” temperature,® photoisomerization,’
or chemically®) brings us closer to construct-
ing useful nanodevices. To fully understand
and exploit such systems, their direct visua-
lization is vital. Still, a technique resolving
(sub)nanometer particles within a time frame
relevant to observe dynamics is a very chal-
lenging task.’~'® We demonstrate the direct
visualization of a controlled motion of nano-
objects: superconducting vortices in NbSe,
driven by ac magnetic field. In order to do so,
we introduce a novel approach to the scan-
ning tunneling microscopy (STM). Invented
by Binning and Rohrer in the early 1980s,
STM has proven to be a very powerful
technique to probe various physical sys-
tems on an atomic length scale,' including
the superconducting state. This started with
the visualization of the Abrikosov vortex
lattice in NbSe,."> This experiment directly
demonstrated the power of STM as a tool to
investigate a static superconducting con-
densate with unprecedented atomic resolu-
tion: to name a few, studies of the nature
of high-temperature superconductivity,'®
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the electronic properties of the vortex
cores,'”'® and the observation of periodic
local density of states modulations in
the superconducting state.'® While these
“static” studies are invaluable in order to
understand the origin of superconductivity,
a similar investigation of the time evolution
of the condensate is of utmost importance
to reveal the mechanisms responsible for
energy dissipation.>?' Therefore, the ex-
perimental observation of the supercon-
ducting condensate, on a relevant time
scale, opens a new route to determine the
mechanisms involved and enables new in-
sights into the dynamics of vortex matter.22~2*
In order to study dynamic events, contrary to
its outstanding spatial resolution, STM is usual-
ly limited by its poor time resolution (ca. 10 s
per image). As a result, one can investigate only
dynamic events that are slow® with respect
to the stroboscopic sampling time determined
by the time necessary to acquire an image. Our
new STM approach makes it possible to map
the dynamics of vortices with unprecedented
time (<1 ms) and spatial resolution (<1 nm).

RESULTS AND DISCUSSION

It is apparent from Figure 1a and b that
our STM is capable of obtaining the energy
and spatial resolution needed to visualize
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Figure 1. (a) Hexagonal atomic lattice of Se atoms at the surface of a cleaved NbSe; single crystal together with the presence
of a charge density wave that creates a superimposed modulation every three Se atoms, as reported previously in many other
STM experiments.” The corresponding Fourier transform (inset) reveals the characteristic wave vectors of the atomic (dashed
red line) and charge density wave (CDW) modulations (full red line) in reciprocal space. The image is taken in constant current
mode with (/1) =50 pA and V},;»s = 0.89 mV at T = 1.3 K, with an in situ prepared Au tip. (b) Conductance map at Vj,;,s = 0.89 mV
taken in constant current mode (/) = 120 pA, using a bias modulation of V.4 = 60 uV s with frequency f = 3.123 kHz,
showing the vortex lattice obtained by performing a field-cooled measurement in B4. = 100 mT at T = 0.71 K. The observed
star-shaped depletion of the condensate due to the kinetic energy of the superconducting condensate, surrounding each
vortex, is clearly visible at this bias voltage.'” The black arrows are aligned with the atomic lattice with a principle axis at 30°.
(c) Schematic presentation of the measurement setup. (d) Conductance map of a single vortex. (e) Conductance map of the
vortex in (d) subjected to an ac magnetic field with amplitude B,. = 0.127 mT and frequency f = 77.357 Hz, resulting in an
elongated vortex shape. (f) Tunneling current versus time at four different locations as marked by the green, red, black, and
blue symbols in (e). The induced ac driving force is added as a reference signal (solid line).

vortices and atoms simultaneously. To move vortices, exceeding the settling time of the feedback loop,
the most common method is the application of tunnel current modulations will be present around
an external current through the sample. This is difficult the average value. This is experimentally verified at
to realize in an STM, because the applied current four different locations of the sample (Figure 1f). These

will make reliable and accurate measurements measurements show that the induced vortex motion
problematic.>’?® To avoid this problem, a periodic results in a variation of the tunneling current, 7, while
driving force is created indirectly by applying an alter- away from the vortex the tunneling current remains
nating magnetic field (Figure 1c). The induced screen- constant. Moreover, the periodicity of the modulations

ing currents drive the vortices periodically. In order to shows the potential of using a lock-in technique to
confirm the presence of this motion, we have a closer track the motion of vortices with superior precision.
look at the conductance map with and without (See Supporting Information for method description.)
an applied ac field (Figure 1d and e). The specifically Figure 2 shows two representative (out of 15) mea-
chosen slow scanning speed (39 ms/pixel) ensures that surements of the conductance (Figure 2a and b) and
every pixel of the conductance map is the average the in-phase component (Figure 2c and d) of the first-
value of the conductance at the given location over harmonic lock-in signal when an ac drive is applied.

three periods of the ac drive, in analogy with long- Although the vortex lattice is shifted between conse-
exposure photography. The smearing of the vortex cutive measurements, the orientation of the vortex
core clearly demonstrates that the vortex is moving. lattice remains unchanged, and it is aligned with the

The aforementioned scans of the superconducting atomic lattice (Figure 2e).*%® This demonstrates that
state were obtained in the well-known constant cur- the atomic lattice contributes substantially to the po-

rent mode, using a tip—sample distance feedback tential landscape. Due to the small ac drive (B, = 0.4%
loop. However, if the condensate changes with a speed of Byc), the smearing of the gap is undetectable in the
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Figure 2. Conductance maps (a, b) and the measured in-phase component (c, d) of the first harmonic, ', of consecutive
prepared vortex lattices while an ac drive of 0.127 mT is applied with a frequency of f=77.357 Hz. Both states are prepared by
afield-cooling procedure to T=2 Kin a dc magnetic field of 30 mT. A red zone in (c) and (d) indicates that a vortex is moving in-
phase with the applied ac drive within this area, while a blue spot indicates antiphase motion in accordance with Figure 1f. (e)
Polar plot of all obtained principal Abrikosov lattice vectors (red) and the shaking directions of the full data set (blue). The
dashed lines reflect the atomic lattice vectors obtained from Figure 1a. The arrow indicates the average oscillation direction,

which is a good estimate of the driving force direction.

conductance map; however a clear fingerprint of
oscillatory motion is observed in the first harmonic of
the tunnel current signal. The lock-in technique,
although not reaching its full potential, is able to detect
vortex motion with amplitudes lower than 5 nm. For
these weak ac drives, a linear approximation®® has
been widely used in the literature, and the in-phase
component of the tunnel current is expected to pre-
sent a good picture of the vortex motion. The observed
vortex oscillations are clearly inhomogeneous, in both
amplitude and direction (Figure 2e), with a strong en-
hancement around 60°. These observations directly
prove the presence of both disorder and anisotropy in
the potential landscape.

As the next step, we investigated the influence of
the density of particles on their dynamics by increasing
the dc field (Figure 3a—d). A transition takes place
from individual to collective oscillations of the vortices
around Bg. = 80 mT. This collective and coherent
motion of the vortex lattice, shown in Figure 3a, is
evidenced by a unidirectional oscillatory motion of all
vortices within a single scan area. The crossover to this
collective regime can be explained by the increasing
importance of the vortex—vortex interaction upon
decreasing the intervortex distance. In addition to this,
measurements show that in most cases the average
oscillatory direction is along one of the principal axes of
the vortex lattice (i.e., 30°), whereas the estimated drive
direction is 46° (Figure 2e). This is in accordance with
the notion that the vortices in the collective regime
are guided along channels that are stable against the
transversal force component.”>?*® This channeled
motion has been explained by the presence of a “tin
roof potential” induced by the interplay between the
atomic lattice of NbSe, and the vortex lattice,?> both
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having 6-fold symmetry. Intriguingly, the preferred
direction of oscillation, 60°, observed in the single
vortex regime (Figure 2e) differs from the 30° observed
in the collective regime (Figure 3).

Upon increasing the dc field value, first, the displa-
cement of the vortices is enhanced, resulting in the
smearing of the vortex signal in the conductance map
(Figure 3b top panel). When the lattice oscillation
reaches one lattice constant, the smearing disappears
in the conductance map while the in-phase signal
becomes very weak (Figure 3c bottom panel). This
is a direct observation of so-called “mode-locking”
between the distance traveled by a single vortex and
the underlying periodicity of the vortex lattice.3° As
anticipated, this effect results in a strong enhancement
of the second harmonic signal (Figure 3 insets bottom
panels). Finally, the vortex displacement exceeds the
lattice constant, and again a clear signal is present
in the first harmonic (Figure 3d). In this case the time
evolution at a certain location is determined by the
passage of more than one vortex and the physical
meaning of the first harmonic becomes complicated.
Nevertheless, the presence of a stripe pattern in the
conductance map, aligned with the principal axes of
the vortex lattice, confirms the presence of a “tin roof
potential” for the moving vortex lattice in the collective
regime.

The characteristic features of the first and the second
Fourier component clearly show that in a wide range of
magnetic fields and amplitudes each vortex follows a
well-defined periodic trace during each ac cycle. This
periodic motion can be probed using an extended
version of the so-called “Lazy fisherman method”,*' in
which a fisher (tip) waits at a fixed position for a fish
(vortex) to pass by. In our case, we will put the fisher at
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Figure 3. Vortex density dependence of the ac dynamics at certain representative magnetic field values, obtained by
exciting a vortex distribution, prepared by a field-cooling process, to a temperature of 2 K in dc magnetic fields ranging from
30 to 500 mT. The conductance map (top) and the first (botom) and second (inset) harmonic are measured while the prepared
state is subjected to an excitation with an ac magnetic field of B, = 0.127 mT at a frequency of f = 77.357 Hz. The black dots

mark the center of mass for each oscillating vortex.
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Figure 4. (a) Conductance map of a prepared vortex lattice while an ac drive of 0.152 mT is applied with a frequency of
f=77.357 Hz. The state is prepared by a field-cooling procedure to T = 3.2 K in a dc magnetic field of 30 mT. (b) Measured in-
phase component of the /; first harmonic. (c) Two-dimensional map of the tunnel current as a function of four different times
marked in (d). (d and e) Two-dimensional vortex orbits at two different locations labeled in (b), respectively. The color code

shows the vortex velocity at each point.

work to fish at each pixel during a few cycles of the
vortex motion, while using the ac reference signal to
set the time frame. By combining all curves obtained
for each pixel (I; versus time) we can construct a two-
dimensional map of the tunnel current as a function
of time (Figure 4c and supplementary videos). These
maps can be used to determine the trace and the
velocity of the vortex motion.
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An example of the visualization of such a motion is
given in Figure 4d and e. It reveals that the actual
trajectory of a vortex is in fact a nanoscale orbit with
radius ~50 nm. These findings indicate that the aver-
age trace (Figure 4a) and the first harmonic (Figure 4b)
give only an approximate idea about the vortex trajec-
tory. By comparing two different vortices we can see
that the nanoscale orbit is a common phenomenon
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and, as such, can be attributed to the potential induced
by the atomic and/or vortex lattice. In addition, as
shown in Figure 4d (encircled region), differences in
the vortex orbit appear because defects can trap a
vortex along its orbit. The shape of the orbit indicates
that the vortex avoids moving along the principal axis
(30°). At higher vortex densities (Figure 3) this was
exactly the direction of the average vortex motion. This
additional anisotropy within the “tin roof potential”, only
revealed by our superior time resolution, implies that
the vortex motion is much more subtle than previously
thought. We propose a tentative explanation for the
intricate shape of the vortex trajectory. By carefully
analyzing Figure 1b, it is evident that along the principal
axes the condensate is enhanced, while channels of
depletion are present at 0° and 60°. Each vortex is
repelled by the areas of enhanced superconductivity,
which results in an additional anisotropy along 0° and
60° on top of the “tin roof potential”. In this manner,
both the nanoscale orbit and the observed anisotropy in
the single vortex regime (Figure 2e) can be explained as
a consequence of the “tin roof potential” combined with
the additional anisotropy stemming from the existence
of the superconducting depletion channels.

CONCLUSION AND OUTLOOK

In the presented work, we investigated the con-
trolled periodic motion of superconducting vortices
in NbSe,. In order to inspect this dynamic process, we
introduced a novel approach to the traditional STM
measurements, not dissimilar to the “lazy fisherman”
technique,®’ but more elaborate. Within this novel

MATERIALS AND METHODS

All the experiments were performed on a freshly cleaved
2H-NbSe, crystal by means of the Attocube scanning tunneling
microscope cryomagnetic system, with a *He refrigerator reach-
ing a base temperature of 300 mK. A standard resistive counter-
heater with a feedback loop was employed to maintain a stable
temperature above the base. A superconducting coil was used
to provide a dc magnetic field up to 7 T. An extra copper coil
fitted around the STM head inside the vacuum shield provided
the ac magnetic field. An EG & G Instruments 7265 DSP lock-in
amplifier was used to directly obtain d//dV values. A Stanford
Research Systems SR830 DSP lock-in amplifier was employed in
the lock-in technique. The techniques introduced in this work
are described in more detail in the Supporting Information,
section 1.
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approach, two distinct techniques can be distinguished.
By means of the first technique, using a lock-in amplifier,
we were able to determine the direction and amplitude
of oscillating vortices, with respect to the Abrikosov
lattice. Confronting the behavior of the vortices oscillat-
ing individually with small amplitudes, with the beha-
vior of the vortices oscillating collectively with larger
amplitudes, resulted in a puzzling discrepancy. Namely,
the preferred orientation in the collective regime was
along the principal axis of the Abrikosov lattice, in
accordance with the previously observed “tin roof”
potential,®® in contrast to the single vortex regime,
where the vortices tended to avoid this direction. How-
ever, by employing the second technique, we were able
to address this issue in more detail. This second tech-
nigue enabled us to dynamically visualize the trajectory
of the moving vortices by constructing real-time videos.
This was done by combining and synchronizing the
time evolution of the tunneling current recorded at each
point of the scanned area. From these videos, it is
evident that, in the collective regime, the vortex trajec-
tory is a nano-orbit, with the onset along the channels of
depleted superconductivity, avoiding the main axis of
the Abrikosov lattice, in accordance with the single-
vortex regime. This clarification was possible due to the
eminent spatial resolution of the introduced techniques
and also due to the ability to dynamically visualize the
processes involved. From a more general point of view,
this approach can be extended to any scanning probe
microscopy technique investigating dynamic processes
that are periodic, either spontaneously® or where the
periodicity is imposable by external control.> >
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