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Cascade excitation of vortex motion and reentrant
superconductivity in flexible Nb thin films
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High quality Nb films were successfully prepared on both flexible polyimide (PI) and rigid Al,O3 substrates and their
transport properties were systematically studied at various applied currents, external magnetic fields, and sample orienta-
tions. It is found that a curved Nb/PI film exhibits quite different superconducting transition and vortex dynamics compared
to the flat Nb/Al,O3 film. For the curved Nb/PI film, smooth superconducting transitions were obtained at low currents,
while unexpected cascade structures were revealed in the p(7') curves at high currents. We attribute this phenomenon to
the gradient distribution of vortex density together with a variation of superconductivity along the curved film. In addition,
reentrant superconductivity was induced in the curved Nb/PI thin film by properly choosing the measurement conditions.
We attribute this effect to the vortex pinning from both in-plane vortices and out-of-plane vortices. This work reveals
the complex transport properties of curved superconducting thin films, providing important insights for further theoretical
investigations and practical developments of flexible superconductors.
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1. Introduction

It is well known that, in type-II superconductors, the
magnetic field penetrates in the form of quantized vortices
when lying between the lower (H.;) and upper (H.) criti-
cal magnetic fields.!'! In the past few decades, a great deal
of attention has been paid to the investigation of vortex mat-
ter in superconductors due to their rich interesting phenom-
ena and complex dynamical vortex phase diagrams,!>3! aris-
ing from the interplay among vortex pinning, vortex—vortex
interaction, and thermal fluctuations. Additionally, under-
standing vortex dynamics is fundamental for the develop-
ment of technological applications of superconducting mate-
rials. On the one hand, the vortex motion always causes un-
wanted dissipation in superconducting wires and supercon-
ducting radio-frequency cavities.[*°! On the other hand, con-
trolling the vortex motion is essential for many novel devices
such as vortex rectifiers,’™! superconducting quantum in-
terference devices, '] single photon detectors,!' 1?1 and flux
qubits. 13141

Thus far, most of fundamental and practical researches
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related to vortex matter have been carried out on supercon-
ducting thin films grown on rigid substrates, whereas flex-
ible superconducting thin films!!>-'®! seem to slowly catch
up with the new trend on frontier sciences and technolo-
gies. Many flexible electronic materials and exciting products
have been discovered and manufactured,!' such as E-skin in

g,[20

robotics and prosthetics,?’! biomedical instruments, >!1 flex-

,[22

ible batteries,!??! flexible electrodes!?®! and flexible display

5.1 Although the vortex properties in bulk super-

device
conductors with curvilinear surface, such as cylinders (251 or
balls,!?%?7] have been preliminarily studied in theory, detailed
experimental measurements on the vortex dynamics in flexible
superconducting films are still in their infancy.[*®!

In this paper, we have successfully prepared high quality
Nb films on both flexible polyimide (PI) and rigid Al,O3 sub-
strates, respectively. By detailed measurements of transport
properties in the two systems, we have found that the vortex
dynamics in curved superconducting films is different from
that in the flat ones. Unexpected discontinuous jumps or cas-

cade structures appear in the p(7') curves of the curved Nb/PI
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film at relatively high applied currents, which can be attributed
to the gradient distribution of vortex density and the variation
of superconductivity in the curved structures under an exter-
nal magnetic field. Additionally, a reentrant superconducting
phase has also been revealed in the curved Nb/PI film for cer-
tain orientations of the applied field and applied currents. This
work provides new insight on the physics of flexible super-
conducting materials and hopefully stimulates the theoretical
studies paving the way to future technological applications.

2. Experiments

The chosen PI substrate has tremendous potential in var-
ious practical applications>” because of its excellent opti-
cal transparency, electric insulation, and marvellous bendable
properties. Most importantly, the wide and stable service tem-
perature range of —200 °C to 300 °C enables it to be one of
the best substrate candidates for the study of flexible supercon-
ducting electronics. Here, we employed the magnetron sput-
tering technique to fabricate Nb films on both flexible PI and
rigid Al,O3 substrates with thickness d ~ 100 nm.[3%3! The
surface of the Nb/PI film was quite smooth as seen in Fig. Al
of Appendix A. Subsequently, we patterned a six-terminal
bridge by photolithography and ion beam etching, where the
width w = 40 um and the length / = 800 pum, as shown in the
inset of Fig. 2(b). To study the transport properties and vortex
matter of the superconducting thin film, we fabricated an alu-
minium alloy block with curved surface permitting to bend the
flexible superconducting film, and the block was mounted onto
the puck which could be rotated by the rotating rod. The resis-
tivity was measured by a Keithley 6221 current source and a
Keithley 2182 nanovoltmeter at low temperature and magnetic
field environments provided by the physical property measure-
ment system (PPMS).

3. Results and discussion
3.1. Basic properties of flat Nb/PI and Nb/Al, O3 films

We measured the temperature dependence of the resis-
tivity p(T') curves of flat Nb/PI and Nb/Al,O3 films at dif-
As shown in Fig. 1, for H=0T
the zero-resistance critical superconducting transition temper-
atures (T) of both Nb/PI and Nb/Al,O3 samples are 8.7 K
and 9.0 K, respectively. With the increase of the magnetic

ferent magnetic fields.

field, the superconducting transitions remain sharp, which in-
dicates high quality samples. In addition, when the magnetic
field is about ~ 1 T, Top of Nb/PI is clearly larger than that
of Nb/Al,O3, which suggests that the Nb/PI has a stronger
vortex pinning effect likely from the rough surface of the PI
substrates. 32! In order to compare the superconducting prop-
erties of both curved and flat Nb films more precisely, the sub-
sequent measurements were mainly carried out at a magnetic

field H = 0.5 T, where both films with different substrates have
quite similar Ty values, as shown in Figs. 1(a) and 1(b).
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Fig. 1. Resistivity versus temperature curves at various magnetic fields
for (a) pristine flat Nb/PI film and (b) Nb/Al, O3 film, with the applied
current / = 50 pA for all the measurements.

3.2. The p(T) at low currents

In order to study the vortex dynamics of flexible super-
conductors, we measured the electrical transport properties of
the curved Nb/PI film for different orientations at a fixed mag-
netic field and low applied current / = 50 pA, correspond-
ing to a current density J = ﬁ = 1.25x 10° A/em?. The
schematic of rotation measurement setup is shown in the inset
of Fig. 2(a). The angle 6 is defined between the direction of
the magnetic field and the normal to the film surface. For the
curved Nb/PI film, the central angle of the curved bridge is 10°
and the corresponding radius r ~ 4.58 mm, as seen in the inset
of Fig. 2(a). The strain caused by the curved substrate on the
Nb film can be estimated as € = d/(2r+d) =~ 1 x 107>, which
is negligible due to the small value.’*! Besides, since the
bending model remains unchanged during our experiments,
the strain is always the same for different measurement an-
gles, and then the influence caused by the strain is constant.
Therefore, it is reasonable to neglect the strain effect in the
present study. Therefore, we would like to emphasize that our
exploration only focuses on the vortex motion induced by the
geometric deformation of the sample after bending.

In Fig. 2, we show the p(T) curves of both cool-down
and warm-up measurements for the curved Nb/PI film and flat
Nb/Al, O3 film with different 6 values at I = 50 pA. With in-
creasing 0, T°™¢ increases and the superconducting transi-
tion temperature width between 7" and Ty becomes wider.
Here, T2™¢" is the onset temperature of the superconducting
transition from the normal state to the mixed state, where su-
perconducting condensation begins to occur.

Let us now clarify whether the evolution of 72" versus
0 is determined by the decrease of the normal component of
the magnetic field H, . We plot 7°"¢! as a function of the fea-
ture perpendicular components H; = Hcos 6 in such a way
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to build He, (T') for the Nb thin film. From Ginzburg-Landau
expression Hey (T') = %20@)7 with @ ~2.07 x 10715 Wb, we
infer & (0) = [ — 2%0 ﬁjm] : Taking into account 72" ~
8.3Kand dT/dH, ~ —2.13 [K/T] estimated from Fig. 2(b),
we can roughly obtain a very reasonable coherence length of
&o ~ 9.2 nm for the Nb thin film, which is quite similar to the

33,341 This seems to suggest that 72" in-

previous studies.|
creases since the normal component of the magnetic field H
decreases.

In addition, the p(T') curves exhibit an unexpected kink at
T* for both curved and flat cases at relatively large 6. One can
clearly see that the p (T') kink of curved Nb/P1I film is smoother
than that of flat Nb/Al,O3 film at the same 6. With the de-
crease of 0, the kink features gradually disappear at 45° for
the curved Nb/PI film and 15° for the flat Nb/Al,O3 film as
indicated by the dashed lines in Figs. 2(a) and 2(b). In fact,
irrespective of whether the sample is curved or flat, the p(7T')
behaviors are quite similar at low current. We speculate that
with the increase of temperature, there exist two different su-
perconducting transitions in the p(7') curves at larger 6 val-
ues, where the external magnetic field exhibits an important
component parallel to the film.

#T =50 nA
Nb/ALOs)

)
= o HH B
72 74 76 7.8 80 82 84
T (K)

Fig. 2. The hollow circle and solid circle lines represent the data from
cool-down and warm-up p(7') measurements, for both (a) the curved
Nb/PI film and (b) the flat Nb/Al,O3 film with 6 = 15°, 45°, 65° and
85° at H=0.5 T and I = 50 pA (J = 1.25 x 10° A/cm?). The pair of
opposite arrows indicate the temperature sweeping direction. 7* and
the dashed line indicate the temperature where the kink occurs and its
dependence on the angle 6. The inset in (a) displays the orientation
6 for both curved and flat films in the vertical magnetic field, where
6 expresses the angle between the direction of magnetic field and the
normal to the film surface. Additionally, H, and H| represent the com-
ponents of the magnetic field perpendicular and parallel to the surface
of the film, respectively. The inset in (b) shows the six-terminal bridge
for both the curved and the flat films in our measurements, where the
width w and length [ of the bridge are 40 um and 800 wm, respectively.

3.3. The p(T) at high currents

In this section, we will investigate the effect of the ap-
plied current on the vortex dynamics for both the curved Nb/PI
and the flat Nb/Al, O3 films by measuring the p(T') curves at

different film orientations in the external magnetic field with
1 mA and 10 mA, respectively. As shown in Fig. 3, the tran-
sition temperatures Ty for both films are clearly reduced as
compared with the similar measurements at low current in
Fig. 2, because the high current not only depletes the super-
conducting condensate but also provides enough force to drive
the pinned vortices and set them in motion at relatively low
temperatures.
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Fig. 3. The temperature dependence of the hysteretic resistivity p(7')
for (a) curved Nb/PI film with / = 1 mA (J = 2.5 x 10* A/cm?), and (b)
flat Nb/Al, O3 film with I = 10 mA (J = 2.5 x 10° A/cm?), measured at
H=0.5Tand 6 =15°,45°, 65° and 85°.

In the case of high applied currents, the p(T) curves of
the curved Nb/PI film are clearly different from those of the
Nb/Al,O3 film. For the curved Nb/PI film, an unexpected cas-
cade structure in the p(T') curve develops for almost all the
film orientations with respect to the external magnetic field. In
other words, the resistivity of the curved Nb/PI film undergoes
a sequence of plateau structures by decreasing or increasing
temperatures. To our knowledge, this behavior of p (') depen-
dence has not been reported so far. In fact, we have system-
atically measured the p(T') response for a series of 0 values
by rotating both the curved Nb/PI and the flat Nb/Al,O3 films
in a fixed magnetic field. As shown in Fig. 3(a), for almost
all the film orientations there exists a prominent plateau struc-
ture in the p(T) curves around ~ 1.3 pQ-cm corresponding
to the fast vortex motion. With increasing 6, the temperature
window of this plateau becomes wider. When the film bridge
is almost parallel to the magnetic field at large 0 values, in-
termediate plateaus appear and the corresponding resistance
value is around ~ 1.1 uQ-cm.

The behavior of geometrically anisotropic superconduc-
tors in magnetic fields, especially the vortex crossing or
the interaction between perpendicular and longitudinal mag-
netic fields in superconducting thin films, is a long-standing
research topic.3”! Although the vortex cutting-reconnection
phenomenon is not yet clearly understood, numerous ex-
periments have demonstrated that the vortex crossing has
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a considerable effect on the vortex dynamics. Interest-
ingly, when the Nb/PI film is close to 8 = 45° as shown
in Fig. 3(a), the reentrant superconductivity phenomenon oc-
curs, i.e., non-zero resistances below Ty appear again at low
temperatures, which has been reported in a large variety of
superconductors, [#4-30:331

We have found that the reentrant superconductivity can be
obtained in the curved sample at small 6 and low currents or at
large 0 and high currents, as shown in Figs. 3(a) and 6(a). The
reentrant superconductivity is a nontrivial phenomenon, which
combines many factors including pinning, applied current in-
tensity, sample size, etc. For example, in our experiments,
the reentrant superconductivity as well as the p(T) step struc-
ture cannot be measured at low applied current even in the
curved Nb/PI film, as shown in Fig. 2(a). Nevertheless, in the
transport measurement of the micro-narrow superconducting
system, with the increase of the magnetic field, the alternat-
ing appearance of periodic and random vortex line lattices can
also lead to the emergence of reentrant superconductivity and
even magnetoresistive oscillation due to the strong boundary
pinning effect.>!)

For the flat Nb/Al,O3 film, both the resistivity cascade
feature and the reentrant superconductivity phenomena are ab-
sent in the p(T') curves, even if the applied current increases
up to 10 mA, as shown in Fig. 3(b). Additionally, the p(T)
curves of the Nb/Al,O3 film exhibit very large hysteresis be-
havior at high applied currents due to heating caused by the

fast-moving vortices during the cool-down process.

3.4. Gradient distribution of vortex density in the curved
superconducting film

In this section, we propose a simple vortex lattice model
based on previous experimental and theoretical works[33-40]
to explain the vortex distribution in the curved film. Since
Nb is an s-wave superconductor, the vortex lattice is supposed
to be triangular at high enough magnetic fields.[*!l When
6 = 0°, i.e., the magnetic field is perpendicular to the film,
the hexagon is circumscribed by a circle with radius a satis-
fying a®> = 2dy/+/3H, where @y is the vortex quantum, as
shown in the upper panel of Fig. 4(a). When 6 > 0°, the high
symmetry of the vortex lattice will be broken, and as a re-
sult the isotropic circle will be stretched into an ellipse with
the major semiaxis of a/cos@, as shown in the lower panel
of Fig. 4(a). In this case, the number of vortices in the flat
Nb/Al,O3 film, n, satisfies nd®dy = H - S, where S = wlcos 0 is
the projected area of the bridge in the horizontal plane. For

the curved Nb/PI film, we use the chord of the curved bridge
I 180°
rn
as shown in the insets of Fig. 4(b). Then, we calculate the

I =2r-sin ( ) ~ 799 um to calculate the effective area,

real vortex number 7 in the bridge for both curved Nb/PI and

flat Nb/Al,O3 films at various orientations in the magnetic
field, and the number n decreases with increasing 8 and drops
rapidly near 90°, as shown in Fig. 4(b).

In order to understand the change in the number of vor-
tices in the bridge area depending on the sample orienta-
tion, we draw the schematics of vortex lattice structure within
0.5 x 0.5 um? at different values of 6, as shown in Figs. 4(c)—
4(e). For example, at 8 = 0°, the vortex number n satisfies
n®y=H-§S=05T x0.5 umx0.5 um~ 609, in the des-
ignated area. In an ideal scenario, if the vortex tube inside
the film is perfectly aligned along the direction of the applied
magnetic field, the expected shape of each vortex at the film
surface would be close to an ellipse with the minor semiaxis
of & and the major one of ~ & /cos 8, where & is the coherence
length of superconductors. However, when 6 is large, the ma-
jor is much longer than the minor as shown in Figs. 4(c)—4(e)
by the orange insets. This exaggerated ellipse is inconsistent
with previous experimental observations,[3%-3%40:42431 which
confirmed that vortex tubes tend to be perpendicular to the
film surface and the shape of each vortex at the surface will
not be much deformed. Therefore, we have modified the size
and shape of the individual vortex according to the previous
experimental works.[38-40]

Next, we provide a schematic diagram of the vortex distri-
bution in a quadrant circular curved system in Fig. 5 to explain
the p(T') cascade structures measured under an applied mag-
netic field. The vortex density in the curved film is distributed
with a certain gradient as shown in Fig. 5, where we also in-
dicate the tangential and normal components of the magnetic
field at different angles on the sample surface. With the in-
crease of the sample orientation angle 8, the normal compo-
nent of the magnetic field H,| gradually decreases from H to 0,
while the tangential component of the magnetic field H) grad-
ually increases from O to H.

In fact, in the uniform magnetic field shown in Fig. 5, the
bending of the superconducting film causes not only the grad-
ual decrease of the vortex density with the increase of 6 in the
sample but also a continuous change of the superconducting
critical transition temperature 7;, critical magnetic field H. and
critical current J; along the bending direction. Early classic
theories and experiments have confirmed that the nucleation
of superconductivity in decreasing fields should always first
occur near the material surface. 3231 More importantly, it has
been revealed that the layer material or thin film can remain
superconducting in magnetic fields larger than the maximum
bulk critical field H. or H., for type-I or II superconductors,
respectively. When the magnetic field is parallel to the su-
perconductor surface, the system withholds higher magnetic
fields up to the third upper critical field for the surface nucle-

ation of superconductivity given by Hz3 = 1.69H.5>33]
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(b)

108

Fig. 4. (a) Schematics of the vortex lattice features at 6 = 0° (u;
film surface, and the case of 6 # 0° (lower panel) assuming that
locations of the individual quantum vortices. (b) Number of vor
(red star line) films in the whole bridge area of 800 umx40 pm

4 +Nb/A1203
F —— Nb/PI
r—e— An(d)

pper panel), i.e., the magnetic field is perpendicular to the superconducting
vortices do not bend at the sample surface. The red solid dots represent the
tices versus 6 for both flat Nb/Al,O3 (black square line) and curved Nb/PI
shown in Fig. 2(b) inset. The blue line with scattered solid circles gives the

number difference of vortices between flat Nb/Al,O3 and curved Nb/PI bridge areas by the black square line value subtracting the red star line
value. The insets illustrate the projection of the bridge length I for the Nb/Al,O3 film and the chord of the curved bridge /' for the Nb/PI film
in the horizontal plane at certain orientation 6 in the vertical magnetic field. (c)—(e) Illustrations of the vortex lattice structures in a square

area of 0.5 umx0.5 um with different film orientations 6 = 0°, 6

0° and 80°. The rotation axis is horizontal and the white arrows indicate the

stretching direction of the vortex lattices. The radius of the orange solid line circle is ~ &, and the major semiaxis of the orange dotted line

ellipse is ~ & /cos 6. The orange circle and ellipse represent the
field in ideal scenarios, respectively.

Fig. 5. Illustration of the vortex density distribution in a quadrant cir-
cularly curved superconducting film from P to Q with radius r in the
vertical and uniform magnetic field H. The orange and blue arrows in-
dicate the H) and H, components, respectively, which are varied with
6. The dashed lines indicate the variation of the similar measurement
positions with 6. Here, the width of the curved sample is y = 0.5 um
and the length of the arc surface is 7rr/2 with the radius r = 1 um. The
applied magnetic field is H = 0.5 T, and the yellow arrow indicates the
applied current. The scale unit of the coordinate axis is the lattice con-
stant a ~ 69 nm of the projected equilateral triangles on the horizontal
plane. P and Q indicate that the sample orientation is at 6 = 0° and
6 = 90°, respectively.

uantum vortices in the film which are perpendicular or tilted to the magnetic

Therefore, thin films with various orientations to the mag-
netic field should have different upper critical fields, which can
be defined as He; (0). In the curved superconducting sample
shown in Fig. 5, the sample side P represents that the applied
magnetic field is perpendicular to the sample surface H, = H,
and its upper critical field is HC% =H, (0 =0°) = Hp. As
the angle 6 increases, the magnetic field H parallel to the
film gradually dominates. At side Q as seen in Fig. 5, H is
completely parallel to the film plane, where the upper critical
field should be the surface superconducting critical field, i.e.,
HY =He (6 =90°) = Hes > Hb,.

The existence of vortex matter in the mixed state is mainly
restricted by the upper critical field of the superconductor.
When the sample orientation 8 is small, the perpendicular
component of the magnetic field H, = Hcos 0 plays a more
relevant role than H”. In contrast, when the sample orientation
angle 0 is large enough, the parallel component H| dominates.
We propose that the p(T) step jumps are mainly ruled by the
proximity to the upper critical field H., of the curved samples
at different orientations. From another point of view, accord-

36,37

ing to Brandt and Valsko-Vlasov,%37] the vortices perpendic-

ular to H || are difficult to move. Therefore, for a fixed H, the
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larger the O, the larger the HH' As 0 increases, this effect also
tends to increase J..

We have shown p(T') curves for various orientations of
the curved Nb/PI thin film at H = 0.5 T in Fig. 2(a), and one
can clearly see the dependence of the critical transition temper-
atures of both Ty and 7™ on the film orientation 6. In an
external magnetic field, T in the small 6 area of the curved
film is relatively low due to suppression by the high normal
field component H |, as seen in Fig. 5. Therefore, driven by
an applied current, the vortices in the small 8 area are easy
to depin and move, resulting in a finite electrical resistivity,
while the vortices in other parts of the sample remain pinned.
With the increase of temperature, the velocity of the vortices
will increase due to the stronger vortex—vortex interaction and
weakened pinning effect in the vortex flow region, which will
lead to a small tilt in each p(T) step, as seen in Fig. 3(a).
When the temperature is high enough, the vortices in the large
0 regions can also be depinned step by step and join the con-
tribution of the resistivities by the applied current, which leads
to jumps in the p(T') curves, as seen in Fig. 3(a).

We conclude that for a curved superconducting thin film
in a permanent magnetic field, the vortex motion at different
sample regions is quite different. While in the flat system, all
the vortex dynamic processes in the whole sample should be
always the same for any condition of temperature and sam-
ple orientation. This scenario can account for the absence of
step features in the p(T') curves of the flat Nb/Al,O3 film in
Fig. 3(b). Therefore, we attribute the cascade structure in the
p(T) curve to the gradient distribution of vortex density and
the continuous variation of superconductivity with the orienta-
tion 0 of the curved film, which leads to the different mobility
of vortex bundles along the curved direction in the sample. In
other words, the cascade structure of p(7') might be due to the
step depinning of vortex lattices in plastic motion and coexist-
ing of pinned and mobile vortices in the curved sample.

4. Dependence of p(T) cascade structure on the
applied current magnetic field

According to the experimental measurements in Figs. 2
and 3 and the phenomenological theory analyses above, the
appearance of the cascade structures in the p(T') curves of
the curved Nb/PI film is not only dependent on its orientation
in the magnetic field but also significantly influenced by the
external current. Thus, we have systematically measured the
p(T) curves of both the curved Nb/PI and the flat Nb/Al, O3
films for various currents at constant 8 = 65° and H =0.5 T.
The superconducting transition for both curved Nb/PI and flat
Nb/Al, O3 films becomes sharp with the increase of the ap-
plied currents due to the strong heating effects, as shown in
Figs. 6(a) and 6(b).

Nb/PI s
g LOfls < < i < 4 &
= g 3 8 2 < g Je
Zo05FHE 2 & o 3 g /e
s 7 o=o5
0 L =05T
4.325.96.0 6.46.56.7 6.8 7.2 7.4
T (K)
0.6 [Nb/ALO;
Eooalel < <
¢ 04rgl g &
€., 8 %
= 0.2f
QU
0 iy,
4.1 4.255 56 6.5 7.0 7.5

T (K)

Fig. 6. The p(T) curves measured at 6 = 65° and H = 0.5 T at vari-
ous applied currents, for (a) the curved Nb/PI film, 7 = 50 pA, 450 pA,
800 pA, 1150 pA, 1500 pA, 1850 pA and 2600 pA, and the cor-
responding current densities J = 1.25 x 10° A/em?, 1.125x10* A/em?,
2.0x10* Alem?, 2.875x10* Alem?, 3.75x10* Alem?, 4.625x 10* A/em?,
and 6.5x10* A/em?, (b) the flat Nb/Al, O3 film, I = 50 pA, 2.6 mA, 10 mA,
15 mA, 20 mA, 30 mA and 40 mA, and the corresponding current densities
J=1.25x10% Alem?, 6.5x 10* A/em?, 2.5x10° Alem?, 3.75x10° Alem?,
5.0x10% A/cm?, 7.5%x10% Alem?, 1.0x10° A/em?, respectively.

In Fig. 6(a), the cascade structure does not appear un-
til the applied current increases up to ~ 800 pA. In the case
of 1150 pA, there exist two clear resistivity plateaus in the
p(T) curve around ~ 1.3 pQ-cm and ~ 1.1 pQ-cm. When
the current increases to 1500 pA, the resistivity plateau at
~ 1.3 uQ-cm disappears and the signal of reentrant supercon-
ductivity develops with decreasing temperature. Further in-
creasing the applied current, both the cascade structure and the
reentrant superconductivity phenomenon in the p (T') curves of
the Nb/PI film gradually disappear, because the temperature
width between T™" and Ty for the superconducting transi-
tion is highly suppressed, as shown in Fig. 6(a) at extremely
high applied currents.

Based on the analyses in Subsection 3.4, the existence of
the cascade structure in the p(T') curves of the curved Nb/PI
film is also dependent on the vortex—vortex interaction, which
is determined by the temperature dependent penetration depth
A. The vortex—vortex interaction weakens severely if the tem-
perature is far below the thermodynamical superconducting
transition temperature 7. ~ 8.7 K.

The negligible vortex—vortex interaction in very low tem-
peratures can also help us to understand why the cascade struc-
ture as well as the reentrant superconductivity in the curved
Nb/PI film fades away at high applied currents. In addition,
for the flat Nb/Al, O3 film in Fig. 6(b), there is no signal of the
cascade structure and reentrant superconductivity in the p(7')
curves, even if the applied current is increased up to 40 mA.

In Fig. 7, we show the dependence of p(T) cascade struc-
tures in the curved Nb/PI film on the magnetic field at con-
stant 8 = 65° and I = 1 mA. The p(T) curves always exhibit
sharp superconducting transitions for various magnetic fields.
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With the increase of the magnetic field, the resistivity plateau
at ~ 1.3 pQ-cm shrinks and gradually disappears at about
1.1 T. Besides, another resistivity plateau around ~ 0.5 pQ-cm
emerges at 0.7 T, and the corresponding temperature region
expands with the increase of the magnetic field till 1.4 T. The
two resistivity plateaus coexist between ~ 5.1 K and ~ 6.4 K
when H ~ 0.7 T-1.1 T. Notice that there is no reentrant su-
perconductivity phenomenon for any of the magnetic field ap-
plied, because the film orientation 0 is too large or the current
is not high enough as discussed in Figs. 3(a) and 6(a).
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Fig. 7. The p(T) curves of the curved Nb/PI film measured at constant
6 =65°and I = 1 mA (J = 1.25 x 10% A/cm?) for a series of magnetic
fields from O T to 1.5 T with an interval of 0.1 T. The pink regions show
the evolution of the individual p(T') steps with the magnetic fields.

5. Conclusion and perspectives

In summary, we have successfully grown high quality Nb
films on both flexible PI and rigid Al,O3 substrates and sys-
tematically investigated the transport properties of the films
under magnetic field, electric current and for several sample
orientations. When the applied current is weak, a smooth su-
perconducting transition is observed for both samples. How-
ever, when the applied current is high enough, a series of re-
sistivity drops appear in the curved Nb/PI films, with no coun-
terpart in the flat Nb/Al,O3 film. We find that the p(7T') step
structures depend on the film orientation, the applied current
and the magnetic field. We attribute the step structures in the
p(T) curve to the gradient distribution of vortex mobility and
the variation of superconductivity with the orientation 6 of the
curved sample in the external magnetic field. Additionally,
we have also obtained the reentrant superconductivity phe-
nomenon in the transport measurements of the curved Nb/PI
film for a certain combination of applied currents, magnetic
fields, and film orientations.

We believe that these transport measurements together
with the analysis of the vortex dynamics in curved supercon-
ducting films unveil a rich diversity of phenomena with no
counterpart in flat films. Above all, the flexible superconduc-
tor is a crucial frontier topic in superconductivity research, and
possesses great potential for magnetic field sensing, bolom-
etry, and fluxonic devices. This work provides a new plat-
form for investigating flexible superconductors and facilitating
rapid transitions from laboratory demonstrations to industrial
prototypes and actual products.

Appendix A: Surface morphologies of Nb/PI
films

Morphological changes are unavoidable for Nb/PI sam-
ples due to their flexible properties. In order to explore
whether the deformation will damage the surface of the Nb/PI
film, we used a Hitachi SU5000 field-emission scanning elec-
tron micrograph (SEM) to detect the microstructures of the
sample. The film surfaces of different magnifications are
shown in Fig. Al. It is clearly that the surface topography
is uniform on a macro scale, and it has less grain impurities on
the surface in Fig. Al(a). In the case of high resolution, we can
see that the surface in Fig. A1(b) is also very smooth. More
importantly, the surface of the film is compact and free of mi-
crocracks and micropores. Anyway, the SEM micrographs
confirm the high quality of our Nb/PI samples.

Subsequently, we investigate the surface morphology of
the flexible Nb/PI film on the curved holder with a microscope
(SKU:NI-Eclipse-LV150N). The whole curved bridge of the
Nb/PI film is captured in Fig. A2(a), and some middle areas
are zoomed in as shown in Figs. A2(a)-A2(c). All the images
in Fig. A2 reveal a homogenous and relatively smooth surface,
even though there exist a few isolated granular defects, which
may be affected by the intrinsic defects of the polymer sub-
strate PI or arise from the sample preparation process. >

Fig. A1. SEM images of the flat Nb/PI film for both (a) low and (b) high
resolution.

Above all, we want to emphasize that these images of the
sample surface in Fig. A2 were taken directly on the sample
stage after low temperature measurement, which confirm that
the low temperature environment does not have a significant
effect on the surface of Nb/PI and there is not any crack. These
investigations suggest that the Nb/PI films have excellent char-
acteristics of flexibility and mechanical properties. Since the
substrate PI is an organic flexible material, not a single crys-
tal, the adhesion of the superconducting niobium film on the
PI surface is very weak. In addition, the metal niobium film
has a certain degree of flexibility and ductility. In the case of
a small bending curvature of the sample, the superconducting
niobium film deforms very little and does not produce destruc-
tive defects such as cracks. The stress in the niobium film has
no significant influence on the vortex dynamics explored in the
present work.
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. —

Fig. A2. Photos of the real Nb/PI bending film on the curved holder
used in the present work for different magnifications (a)—(c).

Appendix B: Time dependence of temperature
and resistivity

In Fig. B1, we plot the time dependence p(¢) and 7'(¢)
curves of a bending sample at 6 = 45° measured in Fig. 3(a),
which shows both reentrant superconductivity and resistivity
plateau phenomena on the p(7') curve. The temperature does
not change abruptly at the time when the reentrant supercon-
ductivity and plateau phenomenon appear as shown in Fig. B1.
Therefore, the influence of overheating effect on resistivity be-
haviors of our measurements in the superconducting samples
could be neglectable.

' ' ' ' ' 11.5
7.04F Nb/PI I p
H=05T S
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0 = 45° R ] —
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Fig. B1. The time dependence p(r) and T () curves of curved Nb/PI
film measured at & = 45°, H = 0.5 T and / = 1 mA and the correspond-
ing current density J = 2.5 x 10> A/cm?.
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