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Magnetic field induced weak-to-strong-link transformation in patterned superconducting films
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Ubiquitous in most superconducting materials and a common result of nanofabrication processes, weak links
are known for their limiting effects on the transport of electric currents. Still, they are at the root of key
features of superconducting technology. By performing quantitative magneto-optical imaging experiments and
thermomagnetic model simulations, we correlate the existence of local maxima in the magnetization loops of
focused ion beam (FIB)-patterned Nb films to a magnetic field induced weak-to-strong-link transformation
increasing their critical current. This phenomenon arises from the nanoscale interaction between quantized
magnetic flux lines and FIB-induced modifications of the device microstructure. Under an ac drive field, this
leads to a rectified vortex motion along the weak link. The reported tunable effect can be exploited in the
development of new superconducting electronic devices, such as flux pumps and valves, to attenuate or amplify
the supercurrent through a circuit element and as a strategy to enhance the critical current in weak-link-bearing

devices.
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I. INTRODUCTION

Nanoscale patterning of superconducting films enables the
optimization and control of distinct material properties [1-9].
Moreover, patterning allows for exploring different phenom-
ena arising from the rich physics of superconducting weak
links (WLs) [10-13]. Today, patterned superconducting struc-
tures find applications in memories [14—17], diodes [18,19],
quantum batteries [20], and phase shifters [21,22], serving as
the backbone of superconducting electronics.

Meanwhile, focused ion beam (FIB) milling is a promi-
nent fabrication technique with nanometric spatial resolution
[23-25]. However, FIB unavoidably introduces defects along
the patterned regions, arising from ionic implantation [26-28],
locally increasing vortex pinning in superconductors [3,8,29].
Recently, we investigated the effects of a single FIB-milled
WL on the properties of prototypical low-critical temperature
Nb films, revealing the existence of local maxima in their
magnetization loops [30].
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Weak links are also an important challenge in the op-
timization of large-scale applications of high-temperature
superconductors (HTSC) [31,32]. Particularly, the overall
critical current density (J.) of HTSC is affected by an angular-
dependent deterioration of J,. along grain boundaries [33,34],
motivating the development of specialized fabrication tech-
niques [35-38]. Improving critical currents in HTSC and
low-critical-temperature materials remains an active research
topic [39—44].

In this study, we investigate magnetic flux penetration and
shielding currents in FIB-patterned Nb films containing either
a single or four artificial WLs. Our results explain the origin
of local maxima in the magnetization loops, revealing a field
induced transformation from a weak-link to a strong-link be-
havior by the enhancement of J, across the WL.

II. METHODS

Three 180-nm-thick Nb films were patterned with a single
shallow groove using FIB doses of 0.1, 0.2, and 0.3 nC/um?
(GFO01, GF02, and GFO03, respectively). The samples have
areas of 3 mm? (3 x 1) in the case of GFOl and 2 mm?
(2.5 x 0.8) for the other films. This process creates WLs
comprised of thinner Nb regions pervaded by defects aris-
ing from Ga™ implantation, as shown in Appendix A. The

©2023 American Physical Society
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FIG. 1. Representation and MOI at 7 K of fully flux-penetrated (a) pristine and (b) grooved GFO1 films under an increasing H after ZFC.
Red arrows represent the direction of J; « is the angle between the d line and the edge. (c) m(H) at 7 K for the pristine and GF02 samples.
(d) The positive field decreasing branch of m(H) for GFO1 and GF03. (e) x” at 7 K as H is reduced for the pristine and GF02 samples. The
probe field has an amplitude of 3 Oe and a frequency of 100 Hz. The data is normalized by the 2 K, zero-field in-phase response for each
sample, xo. (f) MOI of GFO1 at 7 K for the decreasing values of H indicated by vertical arrows in the main panel in (d). Colored rectangles

represent areas used in the investigation in Figs. 2(b)-2(d).

groove depths range from 4.2 nm to 14.6 nm. Additionally,
a 2.5 x 2.5 mm? 300-nm-thick Nb film labeled GFO1+ was
deposited and patterned with two perpendicular grooves using
a FIB dose of 0.1 nC/um? thus exhibiting four distinct WLs
in a cross pattern. A pristine film with critical temperature (7.)
of 9.0 K is also studied. Sample preparation details are given
in Ref. [30]. Global dc magnetic responses are obtained in a
Quantum Design MPMS-5S in the perpendicular geometry.
Quantitative magneto-optical imaging (MOI) is used to reveal
the local out-of-plane magnetic flux density (B) and current
density (J) in the films [45,46].

Furthermore, we employed the thermomagnetic model
(TM) to simulate the macroscopic magnetic flux density dis-
tribution in the patterned films [47]. For that, the heat diffusion
equation

deT =dk VT — (T —Ty)+j-E )

is solved considering Maxwell’s equations and that the super-
conductor material properties are given by

| paGi/iey s
E= {pnj/d

where E is the electric field, « the thermal conductivity, ¢ the
specific heat, i the coefficient for heat removal to the sub-
strate, p, the normal state resistivity, d is the film thickness,
J the sheet current, j. the critical sheet current, and n the flux
creep exponent [47]. The simulation parameters used in this
work follow Ref. [48].

ifj<j.andT < T,
otherwise,

(@)

III. RESULTS AND DISCUSSION

The left panel of Fig. 1(a) schematically represents a super-
conducting film fully penetrated by flux under a perpendicular
magnetic field H after zero-field cooling (ZFC) [49,50]. We
observe five dark discontinuity lines, or d lines, shielding
flux more efficiently where J changes its direction. The
magneto-optical (MO) image at 11.0 Oe demonstrates that
flux penetrates from the edges toward the center of the pristine
film as H is increased. This is manifested by bright, flux-filled
regions surrounding the dark, shielded central portion of the
sample. At 62.0 Oe, we observe the expected domains for

the fully penetrated film. Although the resolution of MOI
reveals an apparently continuous flux front, the superconduc-
tor is in fact permeated by quantized flux lines or vortices
[51,52].

In contrast, a groove across the shortest symmetry line of
the film creates a WL, defining two apparently disconnected
pristine regions (PR). Since the WL has a lower J,. than the PR,
J needs to bend away from the groove, resulting in the central
diamond-shaped domain represented in Fig. 1(b) [53-55]. In
the limiting case when the depicted angle o = 45°, no current
is able to flow through the WL, i.e., JCWL = 0. MOI for GFO1
at 13.9 Oe reveals that the WL is fully penetrated—a con-
sequence of its weaker shielding capacity. At 145.4 Oe, the
diamond-shaped domain can be clearly distinguished. Con-
trary to the representation, MOI shows o > 45° and a faded
dark vertical d line appears inside the diamond. These effects
happen because JW: > 0, meaning that a fraction of J is
able to flow through the WL. The dark scratches above the
diamond-shaped and bottom triangular domains are defects on
the MO indicator and do not interfere with the flux penetration
into the sample.

Figure 1(c) shows complete magnetic moment hystere-
sis loops, m(H), at 7 K for the pristine film and GFO02.
The pristine behavior matches that expected for a type-II
superconductor presenting a flux-dependent critical current
density, J.(B) [56,57]. In contrast, GFO2 exhibits local max-
ima in the positive and negative decreasing-field branches
of m(H). Figure 1(d) reveals the same feature around 50
Oe for GFO1 and GF03. Out-of-phase ac magnetic suscepti-
bility (x”) measurements in Fig. 1(e) demonstrate that this
effect is sensible to ac excitations. For sufficiently large probe
fields, a dip in x” occurs around the same H values at which
m(H) peaks for GF02. This ac experiment is equivalent to
performing a minor m(H) loop, as indicated by dashed ar-
rows in Fig. 1(c). Thus, at the upper branch of the loop,
while the probe field decreases the total applied field, the
sample experiences the same phenomenon giving rise to the
m(H) peak.

We elect GFO1 to illustrate our investigation of what leads
to this phenomenon. GFO1 contains a 4.2-nm-deep groove
with an 800 nm width—see Appendix A. Figure 1(f) shows
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(a)

FIG. 2. (a) MOI of GFO1 at 7 K as H is reduced from full pene-
tration. The J distribution is shown as red streamlines. (b) m(H ) for
GFO1 evaluated by MOL. (c) m;(H ) averaged over different regions
of the sample. (d) Upper panel shows &, besides the WL and the
PR. Lower panel highlights the difference in ®,, between the two
regions. The quantities are obtained for the color-matched regions
shown in Fig. 1(f).

a series of MO images as H is decreased from full pene-
tration. At 140.8 Oe, flux penetration is similar to that of
Fig 1(b). The WL now appears in dark contrast, because H
was reduced from 315.6 Oe, and the WL shows a lower, but
positive flux density due to its weaker shielding capability.
However, as H approaches 50 Oe, the d lines forming the
central diamond-shaped domain move toward the groove—as
if they were closing. The image at 50.2 Oe resembles a pristine
film, as the diamond shape practically vanishes. If H is further
reduced, the d lines move away from the groove, as if they
were reopening, reestablishing the diamond-shaped domain,
as seen at 25.6 Oe. This analysis demonstrates that MOI is
an ideal tool for this study, revealing details of the local flux
penetration and current distribution that are hidden in global
magnetometry.

The observed d-line movement is associated with an en-
hancement of the transport properties in the WL. This is
demonstrated in Fig. 2(a). As the d lines close, « increases,
and J changes accordingly—streamlines that initially did not
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FIG. 4. (a) B distribution at 7 K captured by TM simulations as H
is reduced from 250 Oe. (b) A« (H ) for the simulated sample. Inset:
Aa(H) for GFO1.

cross the WL become straighter and have a higher density
across the WL. This trend is maximized at 48.0 Oe, when
the diamond-shaped domain almost fades out. Thus, after the
sample is fully penetrated and H is reduced to a specific value,
the WL behaves as a strong link, allowing currents to flow
through it largely unaffected. At 46.0 Oe and as H is further
reduced, the d lines reappear, reestablishing the WL behavior.
As J, is proportional to the height of the m(H ) curve [58], this
notion explains the observed local peak as an increase in the
overall J, due to an increase in J)'E.

In Fig. 2(b), we evaluate the magnetic moment of GFO1 via
MOI as m =3 m(lp =l Y, 2f0w/2 xjy(x)dx, where
my(y) is m per unit length at a position y, /,, is the image
pixel size, w is the film width, j, = J,d is the sheet current
flowing perpendicular to the WL, and d is the film thickness
[59,60]. The results reproduce those in Fig. 1(c). Figure 2 also
presents quantitative results obtained along the four color-
matched regions in Fig. 1(f). In Fig. 2(c), we average m; over
the WL (blue) and on a selected portion of the PR (red),
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FIG. 3. (a) By distribution around the region of d-line movement for GFO1 at 7 K at different H. Thin vertical lines represent the edges of
the film. (b) B and (c) J, profiles along the WL and PR, evaluated respectively at the black and red dashed lines in panel (a).
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FIG. 5. (a) MOI and (b) m(H ) of GFO1+ at 7 K. The MO images
are acquired as H is reduced from 500 Oe, at which the film is fully
flux penetrated. Red arrows indicate the local maxima in m(H).

confirming that the peak in m(H ) manifests an effect tied to
the WL. Moreover, we gauge the flux behavior just outside the
sample, ®,. Figure 2(d) shows that, as H is reduced, ® oy
is everywhere higher just beside the WL (pink) than beside
the PR (yellow) for equal areas. However, as the d lines are
closing, &, decreases close to the WL while it is unaffected
beside the PR, lessening the difference between @, along the
two regions (green). This indicates that fewer vortices are able
to escape the sample through the WL at these fields. When
the d lines reopen below 50 Oe, &, is enhanced besides
the groove, indicating a large amount of flux is expelled
through the edges of the WL. In the ac experiment, if the
device is properly field biased, this implies a rectified vortex
motion characterized by the directed flux movement along the
WL albeit vortices are subjected to a zero-mean excitation
[61-65].

Figure 3 locally resolves the behavior of B and J for GFO1.
Figure 3(a) depicts the differential flux density, Byis, for GFO1.
It captures the B variation due to the variation of H (kept
around —2 Oe) by subtracting the target MO image n by the
one taken at the previous field step, i.e., Bgir = B, — By—1-

In the first three Bgir images, we visualize the closing of the
d lines by the shrinking of a brighter diamond-shaped inner
region. This indicates that B decreases less in that region than
outside the d lines. Therefore, flux is pushed toward the WL
as the d lines close. This agrees with the fact that flux is
unable to cross d lines [49]. At 46.0 Oe, a dark-colored region
confirms flux is intensely expelled from the WL. At 43.8 Oe,
the bright halo centered in the groove reveals that flux is still
being pushed away from the inner part of the sample. For 39.9
Oe and further, the flux pushed out of the WL is systematically
reduced.

Figure 3(b) shows the evolution of B along the WL (in
black) and the PR (red). From 92.6 to 48.0 Oe, the black
profile decreases less and becomes increasingly similar to the
red one, indicating that the flux pushed inward by the d-line
movement is partially retained by the WL. This is related to
an increased vortex pinning potential in the WL due to its
reduced thickness and FIB-induced defects, which act as pin-
ning centers and locally suppress 7. [3,30]—see Appendix A.
The observed relative increase in B corroborates the increase
in my; across the WL seen in Fig. 2(c). Starting at 46.0 Oe,
trapped flux is vigorously pushed away from the WL and the
B profiles become distinct again. As B is still positive at 46.0
Oe, the maximum in m(H) is not related to a net neutral flux
in the WL. Here, we argue that the increased vortex pinning
in the WL reduces energy dissipation coming from flux line
movement, thus increasing J)' within that specific H range.
A similar behavior exists in HTSC [60,66-71]. The fact that
the associated d-line movement was not previously observed
in YBCO bicrystalline films [53,71-73] may be related to the
absence of the FIB-added pinning centers and the relatively
higher H for which the peak occurs in HTSC, rendering J..(B)-
dependent effects less prominent [57].

Figure 3(c) presents an analysis of J perpendicular to the
WL, J,. Initially, there is a gradual increase in the current
able to cross the WL. At 48.0 Oe, J, across the WL closely
matches that flowing in the PR—as GFO1 behaves almost as a
pristine film. This trend is reversed when the d lines reappear
and a sharp decrease in Jj, is observed beginning in the center
of the WL. The increased current density, paired with the
higher vortex concentration at the center of the WL results in
a repulsive force that eventually overcomes the pinning force,
thus relieving the magnetic pressure built up in the WL and
inducing a strong-to-weak-link transformation. Hence J,. for
a field biased grooved sample subjected to ac fields alternates
between maxima and minima in intervals dictated by the drive
field frequency. Appendix B depicts the behavior of B and J,
at several applied fields, corroborating their relationship to the
d-line movement.

With the experimental input, we now turn to numerical
simulations based on the thermomagnetic model, which al-
low for the comprehension of subtle distinctions in specimen
behavior arising from a B-dependent J, [48,74,75]. The simu-
lated Nb sample shares the geometry of GFO1, except for the
groove width, set to 45 um to improve computational perfor-
mance. Notably, the higher density of pinning sites introduced
by Ga implantation in the WL is not considered. A reduction
of ~5% in the zero-field J* is induced by reducing 7. in
the WL, as experimentally observed—see Appendix A and
Ref. [30].
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Figure 4 describes the TM results obtained when consider-
ing jo = jo(T. B) = juo(1 — T/T,)[Bo/(B + By)l, with By =
Hojeo/m [76]. Disorder is introduced by lowering j.o for
randomly selected grid points [47]. First, H is increased up
to 250 Oe after ZFC to 7 K. The resulting flux distribution
in Fig. 4(a) qualitatively matches that of GFO1 in the full
penetration state. Then, H is progressively reduced. At 50
Oe, we notice the shrinking of the diamond-shaped domain,
which is maximum at 20 Oe. This is quantitatively corrobo-
rated by Fig. 4(b), which depicts Aa(H) = a(H) — a(H =
250 Oe). The inset of Fig. 4(b) confirms that the simulations
reproduce the d-line movement observed experimentally. The
lesser closure of the d lines is likely due to the larger width
of the simulated groove. Finally, the d lines reappear, as
demonstrated in Fig. 4(a) at —50 Oe. TM simulations at
7 K indicate a lower threshold of JWW-/J ~ 64% for the
occurrence of the reported phenomenon. This is higher than
the ~40% ratio for GFO1 at 7 K due to the different ge-
ometry and the irradiation-induced pinning centers. A lower
bound for J %" /J. corroborates experimental observations—
see Appendix A. Additional simulations, conducted for J.
independent of B, did not reproduce the d-line move-
ment, reinforcing the J.(B)-dependency role in the observed
phenomenon.

Finally, Fig. 5(a) presents MO results for GFO1+. The
weak links appear in bright contrast at the image captured
at the maximum applied field of 500 Oe. Enveloping the
WLs, a set of four quadrilateral domains define a remarkable
four-pointed starlike pattern [55]. As the field is reduced to
200 Oe, such a pattern systematically fades out, as the d
lines close around the WLs—see Appendix B. At 110 Oe, the
observed flux distribution matches that of a pristine square
film [58], as all four WLs simultaneously behave as strong
links. This coincides with a local peak in m(H), as revealed
by Fig. 5(b). Further H reduction will cause the d lines to
reopen, reestablishing the weak-link behavior and the starlike
pattern. Therefore, GFO1+ behaves completely analogously
to GFO1 and provides further evidence of the phenomenon
reproducibility while revealing it can be scaled up for samples
containing multiple WLs.

IV. CONCLUSIONS

In summary, combining MOI and TM simulations, we
demonstrate that the presence of local maxima in the mag-
netization loops of FIB-patterned Nb films is associated with
a field induced transformation of the sample behavior from
weak-to-strong link. This effect can be tuned by temperature
[30] as well as by the amount of defects introduced along
the WL. As the transformation is associated with nanoscale
interactions between vortices and defects, the phenomenon
should also be present in micro- and nanometric devices typ-
ically implemented in superconducting electronics. Possible
applications can take advantage of the vortex rectification and
tunable flux escape along the WL in flux pumps or valves.
The overall J. modulation can be explored for constant or
periodic signal attenuation or amplification in selected circuit
components. Additionally, the targeted inclusion of pinning
centers along grain boundaries of weak-link-bearing materials
may also lead to the improvement of operating conditions

for different superconducting technologies, resulting in effec-
tively higher critical currents for HTSC devices.
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APPENDIX A: MORPHOLOGY, STRUCTURE,
AND SUPERCONDUCTING PROPERTIES

The Nb samples are deposited by magnetron sputtering on
a SiO, substrate, as described in Ref. [30]. The single-WL
samples are schematically represented in Fig. 6(a), where the
grooved region appears in dark in the center of the film, span-
ning the whole sample’s width. The lower right corner shows
a sketch of the weak-link lateral profile, representing the FIB-
milled-induced defects arising from Ga implantation as red
circles. SRIM simulations [77] indicate Ga ions penetrate less
than 30 nm into the Nb film. As described in Refs. [26,27,30],
the Ga implantation is an unavoidable consequence of FIB
milling, leading to a suppression of the Nb sample supercon-
ducting properties.

Figure 6(b) presents atomic-force microscopy (AFM) re-
sults for GFOl centered around the WL, confirming the
presence of the groove. The AFM measurements were con-
ducted on a Digital Instruments Nanoscope V. The thickness
values are presented with respect to the average height of the
Nb film, permitting to highlight the groove depth. In Fig. 6(c),
a thickness profile is plotted centered along the white dashed
line in panel (b). The points are averaged for a 1 x 10 um?
area. The profile reveals a maximum groove depth of 4.2 nm
for GFO1, as well as an 800 nm width at half depth.

Figure 6(d) confirms the Ga implantation inside the WL.
This is accomplished by performing an energy dispersive
x-ray spectrometry (EDS), conducted using a Philips XL-30
FEG Scanning Electron Microscope. We take EDS spectra of
GFO2 of both the pristine region (PR) and the WL, which are
shown in red and black, respectively. For the PR, EDS reveals
characteristic K« emission peaks for Si (due to the substrate)
and Nb. However, when the WL is gauged, an additional
emission line due to the presence of Ga is observed.

Figure 6(e) demonstrates the deterioration of the super-
conducting properties in the WL due to the milling process.
It shows the temperature dependency of both in-phase (x’)
and out-of-phase (") ac-susceptibility components for GFO1,
in black, and the pristine sample, in red. The results were
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FIG. 6. (a) Schematic representation of the grooved Nb film. In detail, the lateral cross section of the sample highlights the WL profile.
Red circles represent the damage caused by Ga implantation. (b) AFM of a 10 x 10 um? area around the central WL of GF01, as represented
in (a). The data points are shown in comparison to the film’s mean thickness. (c) Thickness profile centered along the dashed white line in
(b). (d) EDS spectra of GF02 measured in the PR (in red) and the WL (in black). The results reveal the existence of a Ga Ko emission peak
only in the WL. (e) Temperature-dependent ac susceptibility for GFO1 and for the pristine sample, highlighting the different superconducting
transition temperatures for the PR and the WL. (f) The variation of H,, as a function of temperature for GFO1, GF02, and GF03. From left to
right, the dashed lines delimit the temperature range for which the peak is only observed for GFO1 and GF02 or only for GFO1.

obtained on a SQUID-based Quantum Design MPMS-5S
magnetometer and the curves for each sample are normalized
by their respective x’ Meissner state plateau, yo. A 100 Hz
probe ac-magnetic field with 0.5 Oe amplitude was used in
the measurements. The results show a single sharp super-
conducting transition at PR = 9.0 K for the pristine sample.
However, a two-step transition is observed for GFO1, reveal-
ing a second transition, related to the WL, at TV = 8.7 K
[30].

Figure 6(f) depicts the variation of the field at which the
magnetization peak is observed (H,,) as a function of temper-
ature for GFO1, GF02, and GF03. The H,, values are obtained
from m(H) curves measured at different temperatures. It
shows that, as temperature increases, the samples exposed to
lower FIB doses still present a maximum in m(H ), whereas
those exposed to higher doses do not. This is associated with
a reduction of the ratio between the zero-field current able to
flow through the WL in comparison to the PR, J'% % /J,o. Since
the films patterned with a higher FIB dose present a larger
concentration of defects at the WL, they experience a further

reduction of J%E. Therefore, as the emergence of the mag-
netization peak depends on JY*/J., GFO3 ceases to undergo
the weak-to-strong-link transformation at temperatures lower
than those corresponding to GF(02, which, in turn, does so at
lower temperatures than GFO1.

APPENDIX B: MAGNETIC FLUX PENETRATION

Figure 7 shows a snapshot of a supplemental video con-
taining MOI results for GFO1 at 47 different applied magnetic
fields, both while H is increased after ZFC to 7 K and while
it is decreased from a maximum applied value of 315.6 Oe.
The full video is available in the Supplemental Material [78].
Besides the MO images, J, and B profiles are shown for each
of the presented H values. The profiles are evaluated on the
PR (in red) and along the WL (in black), as indicated by color-
matched arrows beside the MO images. A green profile is also
presented and it is obtained by subtracting the B profile across
the WL from that across the PR. Noticeably, there is a scratch
on the MO indicator film beside the left side of the groove.
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48.0 Oe

GF01 7K

WL | PR | PR - WL

300

< 200
C

A 100

0

FIG. 7. Snapshot of supplemental video showing the magnetic
flux and shielding current behavior in GFO1 at 7 K as the applied
magnetic field is first increased and then decreased. The black and
red profiles highlight the behavior along the WL and the PR, respec-
tively. The green curve shows the difference in B between the PR and
the WL (see Supplemental Material [78]).

This creates rather visual discontinuities on the left side of
the black profiles but does not interfere with the interpretation
of the behavior inside the WL. The video corroborates the
discussion presented in the main text by showing the gradual
increase in Jy, across the WL as H is reduced accompanied by
the relative increase in B in the same region. This happens as

GF01+ 7K 250.0 Oe

FIG. 8. Snapshot of supplemental video showing the magnetic
flux penetration into GFO1+ at 7 K as the applied magnetic field is
first increased and then decreased (see Supplemental Material [78]).

the central discontinuity lines, visible in the MO images, close
toward the groove.

Figure 8 shows a snapshot of a supplemental video depict-
ing flux penetration patterns into sample GFO1+ at 7 K after
zero-field cooling as H is increased up to 500 Oe and subse-
quently decreased down to 0 Oe [78]. The video corroborates
the simultaneous d-line movement along all four weak links
as the applied field is reduced, as discussed in the main text.
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