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The maximum velocity of a mobile vortex in movement is generally limited by the phenomenon of flux-flow instability
(FFI), which necessitates weak vortex pinning and fast heat removal from non-equilibrium electrons. We here demonstrate
exfoliations and nano-fabrications of BipSryCa;Cu3O¢, s crystalline nanostrips, which possess a rather weak pinning
volume of vortices, relatively low resistivity, and large normal electron diffusion coefficient. The deduced vortex velocity
in BipSr;CapCuz Oy 5 crystalline nanostrips can be up to 300 km/s near the superconducting transition temperature,
well above the speed of sound. The observed vortex velocity is an order of magnitude faster than that of conventional
superconducting systems, representing a perfect platform for exploration of ultra-fast vortex matter and a good candidate
for fabrications of superconducting nanowire single photon detectors or superconducting THz modulator.

Keywords: Bi;Sr,Ca;Cuz O 5 (Bi2223), vortices dynamics, ultra thin single crystal, nanowire

PACS: 74.72.-h, 47.32.cd

1. Introduction

Dynamics of superconducting vortex at a bias current
close to the depair critical current is of significant importance
for both practical applications and insight into the fundamen-
tal physics of strongly interacting vortices.!!~”! For instance, in
superconducting nanowire single-photon detectors (SNSPDs),
to obtain high detection efficiencies, nanowires are commonly
biased rather close to their experimental critical current. The
single photon response process is thought of as vortices in-
volved, either induced by vortices that overcome the sup-
pressed edge barrier of nanowire by incident photons, or by the
unbinding of thermally activated vortex—antivortex pairs in the
suppressed hotspot region caused by incident photons.®-11]
Such fast-moving vortices in superconducting nanowires may
in part explain the extraordinary timing resolution property of
SNSPDs. Moreover, for a type-II superconducting flux flow
oscillator (FFO), it has been found that in the vortex flux flow
regime, when vortex emerges the surface periodically with a
frequency of v/a,!”! a THz radiation with harmonics of this
frequency up to the superconducting gap will be emitted, ']
where v is the vortex velocity and a = (2(])0 / ﬁB) 03 is the
inter-vortex distance with an assumed triangular vortex lat-
tice. With respect to the physics of fast-vortex involved non-
equilibrium superconducting system, despite the physics of

quasi-static vortices lattice or glass has been thoroughly inves-
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tigated, fundamental physics concerning the superfast vortices
in the flux-flow state still remains complicated, which evokes
much attention both experimentally and theoretically.[!3-18]
Fundamentally, the maximal current that superconductors
can carry is the depairing current, which is determined by the

19201 However, the maximal

critical velocity of Cooper pairs.!
applicable current of superconductors in magnetic field is as-
sociated with the de-pinning of vortex and the subsequent FFI.
Vortices, as dual particles to Cooper pairs, can be activated
and delocalized by excess bias current and magnetic field.
The subsequent vortex motion results in finite voltage drops
along the superconductor and form a resistive state where the
following current is sufficiently smaller than Iy, in which
the global coherence of superconductivity is broken down. 2]
The maximal non-dissipation current /. of the immobile vor-
tex state is commonly 10%-30% lower than Ig.p. Beyond I
in the flux-flow regime, vortices, which are accelerated by the
Lorentz force Fi. = I, X d30 with 7, being the bias current and
o the flux quantum, can move with high velocity v,[?>?! and
eventually leads to a quench of the superconducting state at
I as a consequence of vortex instability (flux-flow instabil-
ity, FFI), resulting in a sudden voltage jump in the current-
voltage curves.!%722-2] The maximal vortex velocity is there-
fore associated with the FFI phenomena. Researchers have
demonstrated vortex velocities of a few km/s in traditional
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disordered and amorphous superconducting thin films,?’-30]

and slightly faster vortex dynamics in unconventional high T;
thick films. 3132 Ultra-fast vortex velocities up to more than
10 km/s, however, are recently observed in a directly written
NbC superconductor with a close-to-perfect edge barrier,®! a
15-nm-thick amorphous MoSi focused ion beam (FIB) milled
bridges,**! and has also been directly probed by a scanning
superconducting quantum interference device microscopy in
lead microbridge.!”! Such a high velocity of vortex is well be-
yond the speed of sounds, which is of great significance for
magnetic flux transport via superconducting vortices and the
phenomena of generation of sound and spin waves by moving
fluxons. 3433

Based on these previous investigations, a high 7, su-
perconducting microbridge with good bridge-edge would
be an optimal platform for accessing extremely fast
vortex dynamics.[36] To this end, we here fabricated
BirSryCayCuz Oy, 5 (Bi2223) nanostrips by direct laser writ-
ing to avoid possible degradations from electron beam lithog-
raphy, and milling by an Ar ion beam. The normal resistivity
of the resulting nanostrip is around 220 pQ -cm (7 = 120 K),
and the vortex velocities deduced from the current—voltage (/-

V) characteristics can be up to three hundreds of kilometers

per second.
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Fig. 1. (a) Zero-field normal to superconducting transitions of the
Bi2223 crystalline nanostrip. Inset: scanning electron microscope im-
age of the nanostrip. (b) Field-dependent normal to superconducting
transitions of the nanostrip from 0 to 9 T. Inset: the extracted upper
critical field as a function of magnetic field.

2. Experiment

A three-unit-cell (3 U.C.) thick (confirmed by the atomic
force microscope scanning) Bi2223 crystalline flake was
firstly exfoliated from a bulk crystal, which was synthe-
sized by using a travelling solvent floating zone method. [37-38]
To avoid possible irradiation defects induced by high en-
ergy electron beam lithography, we here adopted the laser
direct-writing technique to fabricate the superconducting
nanostrip.  Although the oxygen atoms of ultra-thin Bi-
based high T; superconductor are prone to degrade even
under ambient conditions when reduce the thickness down
to 0.5 U.C.,[*! and cryogenic cleavage is necessitated for
ultra-thin Bi-based high 7; superconductor in construct-

401 However, recent

ing twisted cuprate superconductors.
experiments?%#!) showed that thin flakes of Bi-based high T
superconductor exfoliated at room temperature still maintain
relatively high T; for films with thickness more than 2 U.C.
if the exposure time to ambient environment is limited within
20 min. We here fabricated two different Bi2223 bridges with
thicknesses of 3 U.C and 2.5 U.C, respectively. The detailed
fabrication process of Bi2223 sub-microbridge is described
elsewhere. %! As shown in Fig. S1 of the supplementary mate-
rial, characteristic curves of resistance and current versus volt-
age are measured by a standard four-wire method by using a
resistance bridge and electrical transport options of physical
property measurement system (PPMS, Quantum Design). The
contact resistance has few influences on the measurements of

current—voltage characteristics and it is discussed in Fig. S2.

3. Results and discussion

As shown in the inset in Fig. 1(a), the length and width of
the nanostrip are 10 pm and 760 nm, respectively. The main
plot of Fig. 1(a) displays the temperature dependence of the re-
sistance R(T) for the fabricated Bi2223 nanostrip. The R(T)
in the normal state shows a metallic-like character, and it de-
viates from the metallic-like behavior around 115 K, similar
to the bulk Bi2223 crystal.[*¢! The zero-field superconducting
onset (7™%) and offset (T.°!) temperature are evaluated to
be 104 K and 99 K, respectively. The field-dependent normal
to superconducting transitions from 0 T to 9 T were measured
at temperatures from 10 K to 120 K, as shown in the main
plot of Fig. 1(b). The smooth superconducting transitions at
all fields suggest that the fabricated nanostrip is reasonably
homogeneous and of good quality. The field-dependent super-
conducting transition 7; is defined as the temperature where
R(T) falls to half the normal state resistivity at 7 = 120 K,
which are summarized in the inset of Fig. 1(b). Near T, by lin-

early fitting to the temperature dependence of the upper critical
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field B¢»(T'), the slope is found to be dB,/dT = —0.84 T/K,
corresponding to a diffusion coefficient of the normal state
electrons of D = —1.097 (dBe,/dT) ' = 1.3 cm? /s, which is
far larger than traditional disordered superconductors.*?! The
zero-temperature critical field is commonly derived from the
slope of the determined by B¢(0) = —0.73 X (dBp/dT) T, =
62.5 T in the clean limit.[*3] The zero-temperature Ginzburg
Landau (GL) coherence length can then be estimated to be

£(0)= \/(PO/TBQ(O)Z 2.3 nm.
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Fig. 2. (a) The I-V curves of the nanostrip at temperatures from 5 K to
80 K in a magnetic field of 10 mT. The definition of the instability cur-
rent I* and the instability voltage V* are illustratively marked. (b) I-V
curves of the nanostrip in a series of magnetic fields from 10 mT to 1 T
at 5 K. (c) Critical current as a function of magnetic fields at temper-
atures from 5 K to 75 K. The dashed line schematically shows a B~
dependence.

The current—voltage (I-V) characteristics as a function of
applied fields were measured from 80 K to 5 K. In Figs. 2(a)

and 2(b) we show the temperature-dependent /-V curves at
B =10 mT and typical field-dependent /-V curvesat T =5 K,
respectively, in which well-defined voltage jumps are observed
at the critical point marked by (/*, V*). In addition, the full-
range [-V curves is displayed in Fig. S3 of the supplemen-
tary material. These I-V curves can be distinctly classified
into three different regimes: zero-resistivity superconducting
regime, finite-resistivity flux-flow regime, and the FFI regime.
To avoid the overheating induced breakdown of the Bi2223
nanostrip, we have set a voltage limit of 130 mV on the nanos-
trip. As a result, an Ohmic normal state /-V dependence is
absent on the recorded /-V curves.

The non-dissipation critical current I is then uniformly
determined by a 100 uV voltage criterion, and the field de-
pendence for several selected temperatures are summarized
in Fig. 2(c). The experimental I.(B) dependences decrease
nonlinearly at all temperatures, showing a B~% dependence.
Near Tc"ffset, I.(B) can be well described by a B~! dependence,
suggesting an edge barrier for vortex entry dominated mecha-
nism in the Bi2223 nanostrips,® as shown in Fig. 2(c). As
mentioned above, when bias current I, is less than the de-
pinning current, the pinning force F}, is larger than Lorentz
force Fi of vortices, and the superconductors are in zero-
resistivity superconducting regime. The Fi, of vortices will
increase with the increasing I, and vortices can move when
F_ > F,. At this time, the superconductors are pulled to flux-
flow regime. When I, reaches I*, a sudden jump of voltage
to normal state appears, suggesting flux flow instability. Ac-
cording to Refs. [6,44], the relationship between critical volt-
age point V* and the maximal vortex instability velocity v* is
given by the equation V* = v*BI, where / = 10 pm is the length
of the nanostrips. Hence, we can deduce the values of v*. The
field-dependent v*(B)’s are summarized in Fig. 3(a) for all in-
vestigated temperatures, which are found to decrease with the
increase of B. For example, at 75 K, the resulting v* at 10 mT
can reach as fast as 208 km/s, while it decreases to 18 km/s
at 0.5 T, which remains substantially constant in the relatively
high field limit.

To account for the ultra-fast vortex dynamics observed in
our clean Bi2223 nanostrips, the underlying ideas that sup-
presses the FFI are of great importance. Generally, for mo-
bile vortices, their associated electric field raises the energy of
quasiparticles inside the vortex core, which in turn leads to the
leakage of quasiparticles from the core of vortices. As a result,
the vortex core shrinks and the viscous friction on vortex re-
duces. The velocity of vortices is therefore further accelerated,
which eventually gives rise to the collapse of flux-flow state

(22,45

and a quenching to the normal resistive state. I According
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to the Larkin—Ovchinnikov (LO) FFI model, which is consid-
ered for a highly disordered superconductor near 7;. (in which
the electron—electron interaction time T is far smaller than the
electron—phonon interaction time), the maximal vortex veloc-
ity v* is related with the normal electron diffusion coefficient
and the quasiparticle relaxation time Te.!*>*) Namely, super-
conducting systems with larger diffusion coefficient of the nor-
mal state electrons and shorter 7, would benefit the realization
of ultra-fast vortex dynamics. For instance, ultra-fast vortex
velocities beyond the speed of sound were recently probed in a
Nb-C superconductor with a fast relaxation time of quasiparti-

cles and in a lead microbridge with a large diffusion coefficient

and a short inelastic electron—phonon relaxation time. %!
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Fig. 3. (a) The instability velocity v* as a function of magnetic fields
at temperatures from 5 K to 75 K. (b) The instability velocity v* as a
function of the intervortex distance. The red solid line is a fit to the
Doettinger modified FFI model.

The LO-FFI model, which neglects the heating effects
from the Joule dissipation of nonequilibrium quasiparticles,
was further extended by Bezuglyj and Shklovskij>*! that took
the Joule heating into account, and by Doettinger et al.[*! that
took the magnetic field dependence of the vortex lattice param-
eter into account. From the LO model modified by Doettinger
et al., the quasiparticle energy relaxation time can be deduced

from a fitting to

41(1-T)T.)"*D 2 a
I+—]. (@
TTTe D7,

a—

As shown in Fig. 3(b), we present a critical velocity de-
pendence on intervortex distance, yielding a quasiparticle dif-
fusion length of l; = /DT, ~ 36 nm, which is far smaller than
the intervortex distance at the involved fields and in turn max-
imally minimize the viscous friction force on vortex. From
the diffusion coefficient, the energy relaxation time is there-
fore estimated to be 7z ~ 10 ps, which is nearly two orders
of magnitude smaller than that from a sputtering deposited
thick BipSrpCaCu,Og 5 bridges.*?! It is also interesting to
note that the non-equilibrium quasi-particle relaxation time in
clean high T; superconductors (measured by pump-probe op-
tical spectroscopy) at T. can even be in the sub-ps range.*7]
The superconducting system with fast quasiparticle energy re-
laxation time is essential for high velocity of vortices, since a
short 7 is able to rapidly cool down the leaked heating quasi-
particles on the vortex path. However, these FFI models are
based on those highly disordered superconductors, and fur-
ther sophisticated investigation based on the time-dependent
GL simulation would reveal more underlying physics for the
Bi2223 crystalline nanostrips.

To further verify the ultra-fast vortices dynamics in Bi-
2223 nanostrips, we here also fabricated a slightly thinner Bi-
2223 nanostrip (2.5 U.C.) with a similar strip width (900 nm).
As it is shown in Fig. 4(a), the 2.5 U.C. nanostrip shows
a slightly reduced 7™, around 102 K. The zero-resistivity
critical temperature T, however, is suppressed below 80 K,
which may be attributed to degradations during the etching
process and exposure to air. We also systematically investi-
gate the current-voltage characteristics of the 2.5 U.C. nanos-
trip near T¢o. The deduced v* as a function of field for temper-
atures of 70 K and 72 K are shown in Fig. 4(b). An even faster
vortex velocity is observed in this thinner nanostrip, which can
be as fast as 316 km/s in the low field limit. In thinner super-
conducting films, the 7, is smaller than that in thicker films,
as observed in NbN films.[**! The larger critical velocity ob-
served in a 2.5 U.C device may be ascribed to the shorter 7¢ in

thinner nanostrips.

. b
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Fig. 4. (a) Zero-field normal to superconducting transitions of a
2.5 U.C. Bi2223 crystalline nanostrip. (b) The instability velocity v*
as a function of magnetic fields near Tgo.
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However, with the increasing bias current, the normal cur-
rent may also appear, leading to a component of voltage drop.
Generally, the normal state electrons that induce normal cur-
rent would result in a contribution to the voltage drop. Basi-
cally, there would be three components of normal electrons:
(a) the normal electron inside the vortex core; (b) in the quasi-
two-dimensional limit, under high flux flow speed, the shape
of the vortex would shrink and normal electrons would escape
from the normal core; (c) thermally activated non-equilibrium
quasi-particles. For the contribution (a), it is the main contri-
bution that induces the flux-flow instability. For the contribu-
tions of (b) and (c), we are unable to make an exact calculation
about the portion to the total contribution of the voltage drop.
Nevertheless, as we estimated in the manuscript, a short 7
of our exfoliated Bi2223 crystal is able to rapidly cool down
the leaked non-equilibrium quasiparticles. Such contributions
from the non-electrons or non-equilibrium quasiparticles are
therefore not considered in this manuscript.

Finally, it is worthy to note that pronounced hysteresis
characteristics are observed these /-V curves at relatively low
temperatures, due to the bias current generated Joule heating
in the normal state and the self-recovery process (Fig. S4 in
the supplementary material). Such a metastable state in su-
perconducting nanowire or microwire is necessary for genera-
tions of voltage pulses upon photon absorptions. For instance,
a switching current of Isw = 1.54 mA and a retrapping current
I, = 0.61 mA is observed for the 3 U.C. nanostrip. While it
has been predicted that single telecom photon induced hotspot
would be an order of magnitude smaller than that in conven-
tional superconducting NbN nanowires, single photon detec-
tions are recently successfully observed in 100 nm wide and
10-15 nm thick Bi-2212 nanowires, 3! or in a > 15 nm thick
and 250 nm wide Bi-2212 nanowires.[*”) Although the rel-
atively large normal electron diffusion coefficient smear the
hotspot and lower the effective temperature inside it, the ex-
tremely small coherence length and low carrier density would
enhance the impact of photon absorption on the suppression
of superconductivity in narrow Bi-2223 nanowires. These re-
sults suggest that the narrow Bi-2223 nanowires would also be
good candidates for fabrications of SNSPDs.

4. Conclusion

To summarize, we have successfully fabricated a few-
U.C.-thick high-T; superconducting Bi2223 nanostrips by di-
rect laser writing technique. The fabricated Bi2223 nanos-
trips show onset critical temperatures above 100 K, and zero-
resistivity critical temperature far above the liquid nitrogen

temperature. We have experimentally observed ultra-fast vor-

tex dynamics with velocities up to 300 km/s, which is the
fastest vortex velocities reported to date. Such fast vortex ve-
locities in Bi2223 nanostrips are attributed to combined effects
from the good structural and superconducting homogeneity,
huge bias current excited Lorentz force, and short quasipar-
ticles relaxation time induced fast heat removal from leaked
quasiparticles. Such a few-U.C.-thick Bi2223 flakes are there-
fore perfect platforms for research of far-from-equilibrium su-
perconductivity and fast vortex associated physics, and appli-
cations for THz radiation modulators or emitters. Moreover,
due to the large critical current, high superconducting transi-
tion temperature and fast quasiparticles relaxation time, the
crystalline Bi2223 nanowires would also be good candidates
for fabrications of SNSPDs with high count rates and low tim-

ing jitter.
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