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Scanning vortex microscopy reveals
thickness-dependent pinning nano-
network in superconducting niobium films
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The presence of quantum vortices determines the electromagnetic response of superconducting
materials and devices. Controlling the motion of vortices and their pinning on intrinsic and artificial
defects is therefore essential for further development of superconducting electronics. Here we take
advantage of the attractive force between a magnetic tip of the Magnetic Force Microscope and a
single quantum vortex to spatially map the pinning force inside 50-240 nm thick magnetron-sputtered
niobium films, widely used in various applications. The revealed pinning nanonetwork is related to the
thickness-dependent granular structure of the films as well as to the characteristic microscopic scales

of superconductivity. Our approach is general and can be directly applied to other type-Il granular

superconducting materials and nanodevices.

Defects play a crucial role in superconductivity'™. In superconducting
electronic devices, their presence is often detrimental or unwanted’®, In
other applications, such as superconducting wires and cables, defects enable
the pinning of Abrikosov vortices, thus enhancing the critical current
density™'’. Moreover, disordered superconducting films have high kinetic
inductance'"'’, making them promising for applications in superconducting
quantum devices and sensors".

The physics of the vortex-defect interaction in type-II superconductors
is also a very important fundamental problem'. For several decades dif-
ferent scenarios of individual and collective vortex pinning have been stu-
died including pinning on columnar defects”, blind holes”®, non-
superconducting inclusions'’, magnetic particles™', among others (see ref.
19 for a review). Basic mechanisms of the vortex trapping on defects are
related either to the changes in the energy of supercurrents™ or vortex-core
energy'’. The progress in technology enables tuning and controlling the
vortex pinning using the sample thickness modulation”, substrate
engineering”, surface decoration with magnetic nanoparticles’, engineer-
ing of the specific pinning centers™, and ion irradiation™.

A detailed knowledge of the pinning network parameters is deeply
desired in all cases. However, their experimental studies are very challen-
ging, as even tiny non-magnetic defects such as grain boundaries or non-

superconducting inclusions could serve as efficient pinning centers on the
scale of the superconducting coherence length. This covers spatial scales
ranging from a few nanometers to several microns. Thus, an ideal probe
should (i) have a nanoscale resolution combined with a large field of view,
(ii) be sensitive to both bulk and surface defects, and (iii) be non-destructive.

Various microscopies enable nanometer-scale defect imaging.
Transmission electron microscopy offers the analysis down to atomic
scale’®”, but it is destructive and probes a tiny part of the sample.
Scanning probe methods such as electron microscopy *, tunneling ***,
and atomic force microscopy ' also show excellent spatial resolution and
are non-destructive. Yet, they only reveal defects that protrude at the
surface (e.g., cracks, voids or grain boundaries) and provide only limited
information about the pinning efficiency of those defects. More dedicated
methods probe specific superconducting properties. Magneto-optical
imaging *, Lorentz microscopy’’, magnetic (Bitter) decoration™, scan-
ning SQUID -***, scanning Hall-probe -” and magnetic force micro-
scopies (MFM)**™*' probe spatial variations of the magnetic field outside
the sample. These methods enable retrieving the distribution of screening
(Meissner) and transport currents in the material. Low-temperature
scanning laser -**** and scanning electron microscopies™ probe thermal
processes in superconductors subject to local heating by a focused laser
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beam®. These techniques are non-destructive and access the bulk
properties, thus providing useful information about the characteristics of
superconducting cables”™ and devices"'™*****, However, these
approaches have spatial resolution typically in the range of microns, thus
missing nanoscale defects. Therefore, the quest for high-resolution, non-
destructive method of defect network characterization in super-
conductors is still open.

In the present work, we study the spatial and temperature evolution of
the vortex pinning in magnetron-sputtered 50-240 nm thick Nb films,
which are widely used in superconducting electronics and quantum
technology™'"~*'. We use the magnetic tip located at the oscillating MFM
cantilever to generate a single quantum vortex in the studied sample upon its
cooling below the superconducting critical temperature T,. Once created,
the vortex is attracted to the MEM tip. In the experiment, the tip is scanned
over the studied region of the film and drags the vortex, which explores the
superconducting sample by jumping from one pinning center to the other.
These successive jumps are detected through the modifications of vortex-
cantilever force™ and are presented in the form of spatial maps.

Since the vortex pinches through the whole thickness of a super-
conductor, it is the bulk pinning potential that is probed, and its spatial
distribution, projected to 2D-maps, is obtained in this non-destructive
Scanning Quantum Vortex Microscopy (SQVM) experiment. Surprisingly,
the SQVM demonstrated a very high spatial resolution of about ~20 nm, at
least one order of magnitude better than the expected limitation (~250 nm)
due to the lateral extent of the vortex-cantilever magnetic interaction, at the
used experimental conditions. We put forward theoretical arguments to
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Fig. 1 | Principles of SQVM. a Room-temperature AFM 3 x 3 um” image of a 100-
nm-thick Nb film. The inset represents 0.5 x 0.5 um* zoom on the sample surface
(refer to the Methods section concerning High resolution AFM measurements).

b MFM and ¢ SQVM 3 x 3 um’ images of 100-nm-thick film acquired at 7= 4.03 and
8.49 K, respectively. The black scale bar in panels a-c corresponds to 1 um. d sketch
of the SQVM experiment. Vortex currents (gray dashed arrows) circulate around the
vortex core (black cylinder) pinned at a defect (dark gray). The vortex currents
produce a non-uniform magnetic field H, . interacting (a force F) with the
magnetic moment M, of the oscillating MFM cantilever (green). During scanning,
the misalignment between the vortex and the cantilever results in a drag force F 4,

Fast scan direction ——»

show that the spatial resolution of SQVM is controlled by the super-
conducting coherence length and not by the extent of the magnetic inter-
action. Furthermore, a comparison between the SQVM maps and Atomic
Force Microscopy (AFM) images enabled us to relate the pinning network
to the granular structure of the films, and to conclude that the microscopic
origin of the vortex pinning there is the vortex core blocking by the grain
boundaries.

Results

The studied Nb films were deposited onto the silicon substrate using a
standard magnetron sputtering (see Section Sample Preparation in Methods
and refs. 29,39 for comprehensive details). The properties of these com-
monly used films have been extensively studied in the past several works
focused on vortex pinning on both intrinsic and artificial defects***"***. The
films are known to exhibit strong vortex pinning on structural defects
formed during deposition™"".

Figure 1 a represents a typical AFM image acquired at room tem-
perature on the surface of a 100-nm-thick Nb-film. The inset is a
0.5 x 0.5 um’ zoom on the same sample area. The granular structure of the
film is clearly revealed: the grains appear elongated with the apparent length
~30-50 nm and width ~5 nm****. The grain boundaries are tiny and are not
resolved. Remarkably, the neighboring grains are co-aligned, forming larger
~30-50 nm’ clusters separated by voids appearing as elongated dark spots
(see Supplementary Figs. 1 and 2).

To realize the vortex pinning maps by SQVM, the first step is to create
an interacting nano-probe: a single Abrikosov vortex, in the present case. To
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which tends to unpin the vortex from the defect. When the drag force exceeds the
pinning one, the vortex follows the MFM tip and 'draws' the pinning network.

e spatial variation of the normalized free energy as a function of the vortex position
calculated for T'= 0.4 T, (see definitions in the text). The cantilever apex is located at
the point A, and the linear defect in B. f temperature dependence of the normalized
free energy for the vortexlocated under the cantilever in A (solid lines) and the defect
in B (dashed lines). The blue, red and green curves correspond to the sample
thicknesses d = 50, 100, and 240 nm, respectively. The crossover temperature T
marked by closed pentagons depends on the film thickness and the thickness-
dependent magnetic penetration depth A, (see also open red circles in Fig. 2h).
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do so, the samples were placed in cryogenic MFM (refer to the Methods
section concerning Cryogenic MFM and SQVM measurements) and cooled
below the critical temperature of the superconducting transition
T, =~ 9.05 K. During the cooling process, the Co/Cr magnetic tip of the MFM
cantilever was kept above the sample surface at a height (lift) of ~2 um. At
this lift, the stray magnetic field of the tip piercing the sample is only a few
Oe; though, this field is enough to create one or a few magnetic flux quanta in
the area of interest. Below T, this magnetic flux becomes quantized in the
form of a single vortex. Note that, in general, even zero-field cooled samples
may freeze some quantum vortices due to the magnetic field of the Earth.
While these vortices can also be used for SQVM, their initial location is
uncontrolled.

Figure 1b displays a 3 x 3 um® MFM map of the film acquired in the
area where the quantum vortex was expected to be created at T=4.03 K
(well below T!®™™ = 9.0K, cantilever lift is 200 nm). Note that in all
presented images, the horizontal axis follows the direction of the fast scan. In
this image, the gray contrast represents the phase shift of the MFM canti-
lever oscillations. The phase shift §0 is proportional to the spatial derivative
of the force experienced by the cantilever along the oscillation direction; the
latter is normal to the surface (see Eq. (1) below). The phase shift is positive
for the repulsive normal forces and negative for the attractive ones. Due to
the Meissner diamagnetism, the main interaction between the magnetized
cantilever and the film in the absence of the vortex is repulsive; it is witnessed
by a positive phase shift measured on most of the scanned area. However, a
spot — a single Abrikosov vortex - is observed near the left edge of the image.
The cantilever created this vortex during cooling when the sample became
superconducting. The spot appears dark (negative phase shift) because of
the attractive interaction between the cantilever and the vortex. The reason
why the vortex appears in this image and does not follow the moving
cantilever despite the vortex-cantilever attraction is that at the present
experimental conditions (temperature, lift, tip magnetization) the vortex
pinning force by the sample exceeds its attraction by the cantilever, thus
fixing the vortex position.

The MFM map presented in Fig. 1¢ was acquired at T=8.49 K, that is
0.5 K below T'%™; the same sample region as in Fig. 1b was explored. The
overall gray background on this map corresponds to the positive phase shift,
yet the gradient of the diamagnetic repulsion is slightly larger than in Fig. 1b,
due to a lower cantilever lift # = 80 nm used (instead of 200 nm). On this
map, no pinned vortex is visible anymore. Instead, a remarkable fish-skin-
like pattern is observed with a nano-network of sharp dark boundaries
where a strong attractive force is registered. Since the vortex is formed due to
atopologically-protected phase singularity and cannot disappear, a tentative
interpretation of this observation is that at these experimental conditions,
the vortex gets unpinned and dragged by a scanning cantilever, thus
exploring the pinning potential of the sample. In locations corresponding to
phase drops, the moving cantilever exercises a stronger force to unpin and
drag the vortex, and therefore, in these locations, the pinning is stronger.
Thus, the phase shift maps of this Single-Quantum Vortex Microscopy
reveal the spatial distribution of the pinning potential and its local strength
(see Supplementary Fig. 3 for SQVM maps with two vortices). This is the
central observation of the present work.

The geometry of SQVM is sketched in Fig. 1d; the theoretical justifi-
cation of the approach is presented in Fig. le, f (see Section Modeling and
Simulations in Methods for comprehensive details). At the superconducting
transition, a vortex is created using the magnetic cantilever’s stray field M.
The vortex has a core of the size of the thickness-dependent coherence
length &; (£;~10-20 nm in the studied films); the vortex supercurrents
circulate around the core on the scale of the thickness-dependent magnetic
penetration depth A; > &;. The interaction force F of such a vortex with the
cantilever has a magnetic origin and can be seen as effectively attractive.
Indeed, in the absence of the vortex, the magnetic flux from the oscillating
cantilever is screened by the Meissner currents, resulting in a repulsion,
while in the presence of a vortex, the vortex currents circulating in the
direction opposite to the Meissner ones reduce the repulsion. The plot in
Fig. le, obtained at the conditions close to the experimental ones in Fig. 1b,

depicts the free energy of the system as a function of the vortex location for
fixed positions of the cantilever (in A) and the linear defect (in B). The
energy is normalized to E, = @F /(647°1,4(0)), where @, = ch/2e is the flux
quantum, 1,4(0) is the zero-temperature magnetic penetration depth taken
equal to 130, 100 and 80 nm for d=50, 100, and 240 nm thick films,
respectively *°. The free energy has a local minimum when the vortex is
located below the cantilever. When the vortex moves away from A, the
energy increases progressively on the lateral scale of the magnetic pene-
tration depth, resulting in an increasing drag force Fg,,, as presented in
Fig. 1d. The other minimum exists at B when the vortex sits at the pinning
defect. In the simulation (see Fig. 1e), the interaction that pins a vortex at the
linear defect is stronger than the shallow minimum at the cantilever position
in A. At this condition, the vortex remains strongly pinned at the defect,
enabling its visualization in the MEM experiment, Fig. 1b. However, the
temperature evolution of the two minima (at A and B) are different, as
demonstrated in Fig. 1f. Atlow temperatures, the energy of the system with a
vortex pinned at the linear defect B can indeed be significantly lower than the
energy with the vortex under cantilever in A. Close enough to T, the
situation inverses. In terms of forces, it means that the maximum drag force
of the tip now exceeds the pinning one. At this new condition, the scanning
cantilever will unpin the vortex from the defect and drag it. This situation is
realized in the SQVM experiment, Fig. 1c. The crossover temperatures T"
between the two regimes are presented by red open circles in Fig. 2h. The
existence of T' is confirmed experimentally (see Supplementary Fig. 4). Note
that the simulations in Fig. 1f predict that the crossover temperature should
depend on the film thickness.

The above considerations suggest that to enable the SQVM experi-
ment, the vortex has to be unpinned from the defect and followed by the
scanning cantilever. This requires the vortex-tip to have an effective,
attractive interaction to exceed the pinning potential. The attraction can be
increased by reducing the lift, while the pinning can be lowered by raising
the temperature towards T,. Indeed, the considerations behind the energy
plots (Fig. le, f) take into account the vortex currents that circulate around
the core and explore the disorder potential on the scale of the penetration
depth 1, as well as on the energy of the magnetic flux the currents create.
Moreover, on the microscopic level, at least a part of the pinning potential is
related to the energy E.,,. of the vortex core whose lateral size is of the order
of &;. This energy is positive, due to the suppression of the superconducting
order parameter (the energy gap) A(r) inside the core:
Epe ~ N(ER)A? x £3d, where 1N(Ep)A?* is the condensation energy den-
sity, N(Ep) is the density of electronic states at the Fermi level E, and Eéd is
the volume occupied by the core in the film. At a non-superconducting
defect A(r) — 0 and, if the defect has a size I ~ {;and a substantial height ~ d,
the energy E,,, is reduced if the core coincides with the defect. That is why
such defects (and particularly columnar ones) are usually strong vortex
pinning centers. At T — T, both &, A; — eo. Thus, close enough to T, the
vortex core and the vortex currents occupy areas much larger than the size of
individual defects; this “averaging over disorder" leads to the smearing of the
pinning potential and to the consequent reduction of the pinning force, thus
enabling the SQVM experiment in the temperature range T' < T< T.. In
addition, thermal fluctuations and reduced Josephson inter-grain coupling
also contribute to the depinning at higher temperatures.

To ensure that the network presented in Fig. 1c is indeed related to the
Nb-film structure, further SQVM experiments were provided on Nb-films
of different thicknesses. In Fig. 2a—c room-temperature topographic AFM
images of the films are presented. They demonstrate the expected granular
structure™ and the well-known increase of the Nb-grain size with increasing
film thickness™. The superconducting properties of the films were char-
acterized by four-probe electron transport; the results are presented in
Fig. 2d (see Supplementary Fig. 6 for additional electron-transport char-
acteristics of the films). The high film quality is witnessed by a high
T20mm 9 2K for a 240-nm-thick film; the expected slight decrease of T,
for thinner samples is also observed. The corresponding SQVM maps in
Fig. 2e—g also show the same tendency: the characteristic spatial scales of the
observed pinning network grow with the film thickness and thus clearly
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Fig. 2 | Thickness dependent vortex pinning network in Nb-films. a-c 1 x 1 um’
room-temperature AFM images of 240 nm, 100 nm, and 50 nm thick Nb films,
respectively. The black bars correspond to 200 nm. Both grain size and apparent
surface roughness increase with the film thickness. d Resistance of the films mea-
sured near the superconducting transition by the four-probe transport (refer to the
Methods section concerning Transport measurements). For each thickness, colored
arrows visualize the temperature range where SQVM experiment was enabled.
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e-g 5 x 5 um’ SQVM maps (acquired at & = 80 nm) of the films showed in (a—c). The
orange bars correspond to 1 um. h Blue circles: dependence of the SQVM tem-
perature range on film thickness. Red open circles: calculated T, — T (d) (refer to the
Methods section concerning Modeling and simulations). The error bars demon-
strate the experimentally defined temperature uncertainty of T, arising due to the
inhomogeneity of the pinning network, corresponding to ~ +0.05 K.

correlate with the grain size. Notably, the observed spatial networks barely
depend on temperature (see Supplementary Figs. 4 and 5), witnessing their
direct relation to the film structure.

Discussion

We now discuss a deep connection of the SQVM to the film properties. We
start with the analysis of the temperature range close to T, where the SQVM
experiments are enabled (showed by colored arrows in Fig. 2d and plotted as
blue circles in Fig. 2h). Experimentally, the SQVM temperature range was
found to vary significantly depending on film thickness: It gets wider with
decreasing d (blue circles in Fig. 2h). Remarkably, this dependence almost
perfectly coincides with the calculated T, — T'(d), taking T'(d) from the
numerical simulation presented in Fig. 1f. Note that the dependence is not
trivial: to achieve a good agreement presented in Fig. 2h, calculations
required accurately considering experimentally established thickness-
dependent A,;. Therefore, by measuring the SQVM range and by invert-
ing the used numerical protocol, it is possible to extract the effective &; and
Ag. This is of high interest for ultra-thin superconducting films in which
these characteristics are not straightforward to measure directly.

We now focus in more detail on the interaction of vortices with the
cantilever - a key for understanding SQVM. In the experiment presented in
Fig. 3a—c, we cooled a 240 nm thick film down to 4.07 K (th_a)t is well below its
T, =9.2K) in the presence of an external magnetic field H =10 Oe aligned
with the stray field M of the cantilever (Fig. 1d). On the phase map of Fig. 3a
obtained at T=4.07 K (that is well below the SQVM temperature range,
Fig. 2d, h), several vortices are visible forming a disordered vortex lattice, as
expected; all vortices have the same apparent size. The section of the phase
map along the dashed line in Fig. 3a is presented as a blue curve in Fig. 3c. It
demonstrates the “vortex size”, about 220 nm at half maximum (at 80 nm
lift). Such a large value is due to the magnetic interaction between the vortex
field laterally extending to ~ A4 and the cantilever field extending over
hundreds of nanometers”. At the same time, the cantilever oscillation

amplitude map presented in Fig. 3b is featureless (see also the section plot in
Fig. 3¢, red line). In fact, the cantilever oscillation amplitude is related to the
dissipation in the coupled system vortex-cantilever’>*. At the temperature
of the experiment =0.4 T, the theoretical curves in Fig. 3d obtained for
different cantilever positions with respect to the vortex location - above the
defect (blue line), at a distance of A; (green line), and 21, (red line) -
demonstrate that the cantilever is unable to unpin and drag vortices. Indeed,
in all three cases, the minimum free energy remains at the position of the
defect. The vortices remain pinned there and do not dissipate. That explains
why the dissipation-related amplitude map in Fig. 3c is featureless.

The SQVM map taken at T=8.7 K (T~ 0.9T,) is presented in Fig. 3e.
On this phase map, individual pinned vortex is not detected anymore but
the pinning network is visible (similar to the result presented in Fig. 1¢). In
this case, sharp drops are also visible on the simultaneously recorded
amplitude map, Fig. 3f; the position of the drops spatially coincide (the
spatial correlation between amplitude and phase signals is clear in Fig. 3g).
The calculations presented in Fig. 3h show that at this high temperature, the
attraction by the cantilever exceeds the pinning force: the vortex gets
unpinned and dragged, thus enabling SQVM experiment. The dissipation in
the system vortex-cantilever varies upon the location of the vortex that
explores the pinning landscape.

One of the puzzling features in the SQVM maps is therefore their
surprising spatial sharpness: the phase drops occur on the scale ~15-30 nm
(see plots in Fig. 3g). This is by far shorter than the characteristic scales of
sample-cantilever magnetic interaction (A4(T) 2 100 nm, tip size, tip lift,
etc.), which presumably would limit the spatial resolution of SQVM. To
resolve the puzzle, one should recall the basic principles of MFM. The
magnetic cantilever represents a mechanical mass-spring oscillator with the
resonant frequency wy. In the experiment, this oscillator is excited by a
piezoelectric dizzier at a close frequency w®. The tip oscillates in the
direction perpendicular to the surface; its position is z = z, cos(wt + 0). In
the presence of an external force with a non-zero z-component of the force
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Fig. 3 | From pinned vortex MFM imaging to SQVM. 3 x 3 um”> MFM phase (a)
and oscillation amplitude (b) maps acquired at T'=4.07 K and / = 80 nm in the 10
Oe field-cooled 240 nm thick Nb-film. ¢ cross-section plots of the phase (blue curve)
and oscillation amplitude (red curve) following the dashed lines in maps shown in
(a, b). d calculated free energy at 0.4 T, as a function of cantilever position (refer to
the section on Modeling and Simulations in the Methods). e, f SQVM phase and
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where Q = kzZw,/(2Py;,) is the quality factor of the cantilever, and Py;s is
the dissipated power. The vortex is strongly pinned at low temperatures,
and the dissipation is low (no vortex core motion, no quasiparticles). At
these conditions, the vortex appears in 66(x, y) maps (as in Fig. 1b, for
instance) due to the spatial variations of the force gradient g—’;. When the
cantilever apex is located away from a vortex, the interaction force F is
mainly due to the repulsion by Meissner currents of the sample
attempting to screen the stray magnetic field of the cantilever. Though,
an attractive vortex-cantilever force dominates when the cantilever is
situated close or above the vortex. Both vortex-generated and Meissner
current-generated forces decay with increasing the cantilever-surface
distance, but their directions are opposite, and thus, also are their
gradients. That is why the phase shifts in Fig. 1b measured above the
vortex and away from it have opposite signs. Note also that the attractive
vortex-cantilever force is on the origin of the vortex drag when the tip is
moved away from the vortex center. At low temperatures, this force does
not exceed the pinning force; the vortex remains pinned enabling its
imaging. The apparent vortex size of a few hundreds of nanometers
(Figs. lc, 3a, c results from the convolution of the lateral extend of the
vortex field ~14(4K) ~ 100 nm* with the magnetic footprint of the
cantilever”’. When the temperature is increased, &;(T) and A,(T) raise,
the pinning force decreases and, at some temperature, becomes lower
than the vortex-cantilever attraction. The vortex gets unpinned and can
be dragged by the cantilever, as depicted in Fig. 1d. Close enough to T,
vortex-cantilever attraction strongly dominates, and the vortex can be
seen as rigidly “attached" to the scanning cantilever, while the vortex core
and vortex currents interact with the local pinning network. At T=8.5K
of the SQVM experiment presented in Fig. 1c, the vortex currents are
already spread over large distances 22A(8.5K) ~ 500 nm; they interact
with a large number of local pinning centers (point defects, grain

boundaries, etc.). Therefore, at this temperature one does not expect
sharp spatial variations in §0(x, y) maps due to spatial variations of the
vortex current distribution. However, the vortex core has a much smaller
size ~& estimated to 15 nm at T=4K®, and to 38 nm at T=8.5 K. The
core motion is dissipative; the dissipation depends on the normal state
resistance of the material in the place occupied by the core. The grain
boundaries are composed of disordered and partially oxidized Nb; the
vortex core motion along and across these grain boundaries is more
dissipative as compared to that in superconducting Nb. At such defects
Py, raises, the quality factor Q drops, resulting in sharp phase/amplitude
shifts in SQVM maps. Local variations of Pg;, are tiny but owing a very
high Q-factor of the cantilever, Q ~ 4000, the detection of the vortex
core motion is rather easy””**”. Note that owing to the spatial
sharpness of SQVM maps (Fig. 3g), the position of the pinning
centers can be determined with a high accuracy ~1nm. This
demonstrates a true nanoscale resolution of the SQVM we developed
and used in this work.

In the present work, we studied standard magnetron-sputtered Nb-
films which are commonly used in superconducting technology such as
rapid single flux quantum electronics, qubits, shift registers, sensors, etc. In
these applications, the precise knowledge of local superconducting prop-
erties is strongly desired. With this respect, the implemented SQVM is a
powerful tool as it provides direct information on vortex pinning with a
nano-scale resolution limited by the superconducting coherence length; in
commonly used type-II superconductors (Nb, NbN, TiN,..) the latter is
much shorter than the magnetic penetration depth. For the studied sput-
tered thin Nb-films, the SQVM shows that there is no direct correlation
between the granular structure of the films and their local superconducting
properties, and thus, the knowledge of the film morphology is not enough to
decide on superconducting properties. This is because surface-sensitive
methods such as SEM, STM, AFM, etc. provide no input about the inter-
grain coupling in the bulk, which is crucial for superconductivity. The
macroscopic transport experiments do provide some input through the
critical current and critical field measurements. Though these results are
difficult to connect directly to the superconducting properties on the
local scale.
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Conclusion

To conclude, we revealed the vortex pinning nano-network in thin
superconducting films made of sputtered Nb. In the heart of the
experiment is a scanning probe microscopy approach that we named
Scanning Quantum Vortex Microscopy. The method is based on
creating, attracting, and dragging a single quantum vortex by the tip of a
MEFM. The interaction of the moving vortex with defects present in the
sample leads to an additional location-dependent pinning force and
related dissipation that both modify the amplitude and phase of the
oscillating MFM cantilever. These characteristics are measured in the
experiment and are presented as maps. Since the vortex pinches through
the total thickness of a superconductor, it probes both the surface and the
bulk components of the pinning potential. Recorded maps of the phase
variations can be considered as a projection onto the scanning plane of
hidden grain boundaries and other types of extended defects pinning
vortices inside the superconducting film. We demonstrated the SQVM
to enable visualization of defects in superconducting films with a nm
resolution over a large field of view. This opens unparalleled possibilities
for detailed non-destructive studies of defects inside superconductors
and superconducting nano-devices.

Methods

Sample preparation

Nb-films were fabricated using 2-inch UHV magnetron sputtering. 50,
100, and 240 nm Nb films were deposited onto SiO,(270 nm)/Si(100)
substrate; the following parameters were used: pre-etching in Ar plasma
tecn=180s, p*"=2 - 10 > mbar, Ppz=80 W at V,. =580 V, deposition
Prp=200W at V=238V, p*’=4x10"° mbar, deposition rate
0.22 nm/s.

Transport measurements
Electron transport measurements were conducted using a standard four-
probe setup in the system Attocube Attodry 1000/SU.

High resolution AFM measurements

The high-resolution topographic images were acquired under ambient
conditions using the PeakForce method on the Bruker Multimode V38
Atomic Force Microscope and using a non-magnetic Ostek HA_CNC
cantilever with a stiffness constant of k = 1.5 N/m.

Cryogenic MFM and SQVM measurements

MFM studies at low temperatures were conducted using the AttoCube
AttoDry 1000/SU system, equipped by a 9 T superconducting magnet.
All MFM measurements were provided in the temperature range from 4
to 30 K; the samples were placed in an environment of helium exchange
gas (pressure of 0.5 mbar @ 300 K). During the experiments, the tem-
perature was controlled within 1 mK. Standard Co/Cr-coated magnetic
cantilevers (MESP, Bruker) with a 2.8 N/m spring constant were used.
Prior to the experiments, the probes were magnetized at 30 K with a
magnetic field of 2 kOe. The phase contrast was detected in the non-
contact mode.

Modeling and simulations

In order to support our interpretation of the experimentally observed fea-
tures, we consider a simple model problem of the vortex pinning by a planar
defect in a thin superconducting film of the thickness d < A;(0), where A, (0)
is the London penetration depth at zero temperature. In this limit, the
screening properties of the film are determined by the temperature-
dependent Pearl length A, = AX(T)/d = A,(0)/(1 — T*/T*)"", where
A4(0) is assumed to reduce slightly as the film thickness increases. To model
the vortex pinning, we introduce a high — j, planar defect described by a
standard Josephson current-phase relation j = j_sin ¢. The temperature
dependence of the critical current density j. of a granular superconductor,
modeled as an array of Josephson-coupled grains, is described by the

Ambegaokar-Baratoff relation”

_laay |A(T)|)
Je =0 a0 2k, T

@

with the BCS-like dependence of the superconducting order parameter
A(T). Here, the free parameter j, determines the scale of the elementary
pinning force.

A MEM tip is modeled by a point magnetic charge Q which is posi-
tioned at a height h above the film and is shifted in the lateral direction at the
distance t with respect to the linear defect””. In the absence of a super-
conducting film, the stray magnetic field of the tip B? = curl A? is
described by the vector potential A%= A%r, 2) ey

A%r, 2) = 4—% (1 +

where (r, 6, z) is the polar coordinate system. We assume here that the
density of the induced supercurrent j(r) is so weak that the suppression of
the magnitude of the superconducting order parameter is negligible
everywhere in the film except for the vortex core. The sheet current g(r) =
j(x) - d, averaged over the film thickness induces the magnetic field B =
curl A according to the Maxwell equation:

z—h
m) @)

4
curl curl A = Tn g(v), 4)

where

gﬂ:ziﬁ§W$D—A—A%8@. )

Here the term S” describes the vortex source at the point ro = (xg, yo)°'
curl 8” = @ 8(r — r,) 2, 6)

while the term S” accounts for the planar defect at x = ¢ with the order-
parameter phase difference ¢(y)*’

D, dg

D _
curl §© = 2 dy

8(x — 1)z, @)

r = (x, y) is thelateral coordinate, and @, = mic/e is the flux quantum. For an
arbitrary position (xo, yo) of the vortex with respect to the MFM tip and the
planar defect and for a given phase difference ¢(y), the linear equations
(3)-(7) can be solved by the standard Fourier method.

To obtain a self-consistent equation for the phase difference ¢(y) we
use the boundary condition for the normal component of the sheet current
g.(x,y)|,_, flowing through the planar defect

g.(t,y) =g, sinp(y), ®)

where g, =j, - dis the critical current of the edge junction in the thin film. The
magnetic field induced by the cantilever B2 and the Pearl vortex trapped in
one of the banks of an edge-type planar junction cause an extra phase
difference on the junction that depends on both an inhomogeneous
magnetic field of the probe**** and the vortex positions with respect to the
defect™ . The Josephson effect at such edge junction is quite different from
those at familiar bulk junctions, because the stray magnetic field results in an
integral equation governing the phase distribution ¢(y), i.e., the problem
becomes non-local™”. The edge Josephson junction in the thin film is
characterized by two temperature-dependent characteristic lengths. The
first one is the Pearl length A, which describes the magnetic field screening
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by thin superconducting film. Another parameter is the length L
characterizing the junction properties

AZ
L ©
AL lem?g Ay

where A; = /c®,/167%jA; is so-called Josephson length. Using the
boundary condition (8) and the solution of the Egs. (3)-(7) one finally
obtains the following integral equation for the order parameter phase
difference ¢(y)

00

oo
, ) 4Qy q1,(q /Y + 2/Ag) e M
A d Gy(0, y — - di
d / S‘PS(S) 0(0, y — s) =u sing(y) @, y2+t2 1+29
—00 0
7y — )

+ G (t—xy=y)s

0 =y)* +(t—x)

(10)
where the dimensionless parameter 4 =21,/ depends on temperature T,
and two auxiliary functions

J72 L2 J7Z L2
Gy(u, v) =H, Vum vy Y, Vut+ vt ,
N JEER\ 2
Gu,v=H|——|-Y | ——— | ——.
20, 204 4

can be expressed via Struve functions Hy and H; of zero and first orders, and
second-kind Bessel functions Y, and Y; of zero and first orders. At zero
temperature the y parameter is equal to p(0) = 327%j, 14(0)°d/(c®;). The
equation (10) was solved numerically using the iteration method on a
discrete grid of nodes with a step Ay = 0.005); and the accuracy better than
107°. The total energy E = E; + E; + Eg of the system under consideration
consists of the Josephson coupling energy (E)), the kinetic energy (E,) of the
supercurrents, and the energy of stray magnetic field (Eg) in the
surrounding space:

¥ 2mAy 5 1 .
E_m/ dy[1—cosg(y)] + Z /drg(r)Jrg/ drdzB?,
(12)

We performed numerical calculations of the free energy (12) as a function
of a vortex position (xy, yo) for different values of temperature T, the lift
of the cantilever h and the shift of the cantilever with respect to the defect
t taking a fixed value of y(0) = 0.32 (see panels e-f in Fig. 1 and panels d-h
in Fig. 3).

Data availability

Authors can confirm that all relevant data are included in the paper and its
supplementary information files. Additional data are available on request
from the authors.
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