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Dynamics of vortex—antivortex pair in a superconducting thin strip
with narrow slits*
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In the framework of phenomenological time-dependent Ginzburg—Landau (TDGL) formalism, the dynamical proper-
ties of vortex—antivortex (V-Av) pair in a superconductor film with a narrow slit was studied. The slit position and length
can have a great impact not only on the vortex dynamical behavior but also the current—voltage (/-V') characteristics of
the sample. Kinematic vortex lines can be predominated by the location of the slit. In the range of relatively low applied
currents for a constant weak magnetic field, kinematic vortex line appears at right or left side of the slit by turns periodi-
cally. We found such single-side kinematic vortex line cannot lead to a jump in the /-V curve. At higher applied currents
the phase-slip lines can be observed at left and right sides of the slit simultaneously. The competition between the vortex
created at the lateral edge of the sample and the V-Av pair in the slit will result in three distinctly different scenarios of
vortex dynamics depending on slit length: the lateral vortex penetrates the sample to annihilate the antivortex in the slit;
the V-Av pair in the slit are driven off and expelled laterally; both the lateral vortex and the slit antivortex are depinned and

driven together to annihilation in the halfway.
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1. Introduction

With the progress of modern microfabrication techniques,
the electronic properties of mesoscopic superconducting sam-
ples has attracted much attention.!!! The vortex matter of
such structures in an external field is strongly influenced
by the geometry and size of the sample.[>**! Over the past
decades, electric-field-induced flux flow instabilities have
been intensively considered both in low-temperature and high-

s.57%1 Since the discovery of the

temperature superconductor
steplike features in the current—voltage characteristics of su-
perconductor, phase-slip phenomenon has well explained such
an effect.l'% In two-dimensional (2D) superconductors the
variations of the order parameter may not necessarily uniform
along the phase-slip line (PSL) perpendicular to the applied
current.!''! Numerical simulations have first observed the os-
cillations of the order parameter along the PSL using the 2D
time-dependent Ginzburg—Landau (TDGL) equations,!'?! and
the existence of kinematic vortices was reported by the ex-
perimental evidence.!!3] The very high velocity of kinematic

vortices!!

compared to the maximal speed of Abrikosov
vortices!'*! leads to a rearrangement of the vortex lattice and

a transition from slow to fast vortex motion (PSL) for an in-
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finitely long superconducting slab placed in a parallel mag-
netic field.[!!

Vortex—antivortex (V-Av) state was first predicted to ex-
ist in mesoscopic superconducting squares and triangles as a
consequence of the symmetry of the sample.l'®!7! Geurts ez
al. reported the possibility to enhance the V-Av pair by plac-

g. 118201 Moreover, the mecha-

ing strategically artificial pinnin
nism of nucleation of V-Av pairs generated by inhomogeneous
field were presented.!>!! The enhancement of superconductiv-
ity was achieved by constructing the hybrid superconductor-
ferromagnetic structures.>?! Milogevi¢ et al.[>>-26! systemati-
cally investigated the nucleation of V-Av pair by an array of
magnetic dipoles.

Within the framework of time-dependent Ginzburg—
Landau formalism, Berdiyorov et al.”?’! proposed the tunable
kinematics of PSLs in a superconducting stripe with magnetic
dots. The guidance of kinematic V-Av pairs in a SC film by
a magnetic bar and pattern formation of moving vortices were

28,291 The superconducting critical parameters can be

30,31

reported. !
enhanced and modulated by arrays of magnetic dots,?%3!! and
the influence of magnet size and magnetization on the magnet-
ically engineered field-induced superconductivity was experi-

mentally presented.3?33] Silhanek ez al. 3+ experimentally
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probed the V-Av dynamics and field-polarity-dependent flux
creep in superconductor/ferromagnet hybrid structures. The
stray field of applied current can generate V-Av pairs and move
under the action of Lorentz force. Many studies have focused
on the dynamics of V-Av pairs in a SC loop. 3638
Furthermore, Berdiyorov et al.** proposed a system of
rectification in a broad and tunable frequency range by pin-
ing an Abrikosov vortex nearby the Josephson junction. Jeli¢

et al. 140

reported the dynamical pinning induced by optical
excitations can influence the vortex dynamics by tuning the
amplitude and frequency in the real tunable system. Very re-
cently, they!*! reported the velocimetry of superconducting

vortices applying stroboscopic resonances. Besides, Cara-

4243] gtudied the current driven transition from

pella et al.!
Abrikosov-Josephson to Josephson-like vortex in mesoscopic
lateral S/S’/S superconducting weak links.

Recently, we reported the guidance of kinematic vortices
in the SC strip with artificial defects.[**! The effect of titled
angle of slit on the vortex dynamics and /-V characteris-
tics were studied. The dissipative states of superconducting
samples with a periodic array of holes were experimentally
measured. 46 Tt is also of great importance to investigate
the influence of slit position and length on the kinematics of
phase-slip lines in the sample with artificial defects. There-
fore, in the present paper we studied the position-dependent
resistive properties of the sample with one narrow slit. The
paper is organized as follows. In Section 2, our model sys-
tem and theoretical approach is presented. In Subsection 3.1,
we show the repercussions of the slit position on the resistive
state of the sample in the absence of magnetic field. In Subsec-
tion 3.2, we show the effect of slit length on the current-voltage
characteristics under a weak magnetic field. Moreover, we can
observe three distinct scenarios of dynamical behaviors of V-
Av pairs by tuning slit length. Our main conclusions are given
in Section 4.

2. Model system and theoretical approach

We consider a thin (thickness d < &, ) superconduct-
ing strip (length L, width W see Fig. 1(a)) in the presence of
transport current / through normal-metal contact of size a and
magnetic field along the z axis perpendicular to the strip. A
centered slit (length S, and width S, ) is situated in the strip,
and in another case d; denotes the distance is shifted from the
center. The vector plot in Fig. 1(b) shows the distribution of
the superconducting current, in which larger arrows or smaller
arrows regions correspond to high or low currents. The corre-
sponding magnetic-field profile is superimposed and a pair of
positive and negative flux is observed in the slit (white dashed
line).
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Fig. 1. (color online) (a) Schematic view of the superconducting sample
(size W x L x d) contained a narrow slit (size S, X Sj;) with attached normal
leads (size a) in the presence of a dc current / along y axis. d; denotes the
shift distance of the slit from the center in another case. (b) Vector plot of
the superconducting current in case of H = 0 and nonzero applied current.
Larger (smaller) arrows regions corresponds to high (low) currents. The
magnetic-field profile is superimposed and a pair of positive and negative
flux is observed around the two tips of the slit (white dashed line).

To explore the dynamic properties of the deformed super-
conducting condensate, the generalized TDGL equation can
be written in the following form4748]

S — 3+i +y—28|1’/|2
V1+ 72|y \ ot T )Y
=(V-iA) y+(1-|yP)y, (1)

where the parameter ¥ = 27y /h characterizes the chosen
material with 7g being the inelastic collision time and v is
the value of order parameter at zero temperature and no ap-
plied field. This equation should be couple with the equation
for the electrostatic potential:

Ag = div {Im[y*(V — 1 A)y]}, @)

which is the condition for the conservation of the total current
in the sample, i.e., divy = 0. In Egs. (1) and (2), all the phys-
ical quantities distances are measured in dimensionless units:
the coordinates are in units of coherence length & (7'), time is
scaled by Ginzburg-Landau relaxation time tg=7%/8kgTu,
the electrostatic potential ¢ by ¢g = 71/2et,; ,
tential A by He&. In these units the magnetic field is scaled

and vector po-

by Hep=®/2nE? (where Py is the quantum of magnetic flux)
and the current density by jo = c®y/8m*AE.
width of the considered sample is much smaller than the effec-

Since the

tive penetration depth we neglected the effect of the current-
induced magnetic field and put A = (—Hy/2,—Hx/2,0). In
the present simulations, we take £ = 10 nm and A = 200 nm
at zero temperature, which are typical values for thin Nb
films.[*”! In our calculations, the length L and width W of
the strip is chosen to be 800 nm and 400 nm, respectively.
The grid step is hy = hy = £ /3, and the time step is chosen

047403-2



Chin. Phys. B  Vol. 26, No. 4 (2017) 047403

to be dr = 0.005¢, . The slit width S, is 20 nm. The work-
ing temperature 7 is assumed to be 0.967.. Due to the in-
homogeneous distribution of current across the sample, the
nature of the PSL solution is strongly dependent on the size
of the current lead.l>”) We choose the size a of the leads as
100 nm. The distance ds between the off-centered slit and the
centered slit is L/6. The external applied current density is
Je =1/joW. The parameter u = 5.79 is in accordance with
most low T, materials'*’! and y = 20 is assumed for the con-
sidered sample. Since we work very close to T;, heating effects
can be neglected in our simulations. Superconductor—vacuum
boundary conditions (V —iA)y|, =0, V¢|, = 0 are taken at
boundaries of the sample and normal metal-superconductor
boundary conditions y =0, V¢ |, = —j at the current contacts
are used in our simulations. We discretized the equations ap-
plying finite-difference technique on a uniform 2D Cartesian
space grid and use Euler iterative methods to solve the TDGL
equation. The equation for the electrostatic potential is solved
using the successive over relaxation method. Since the voltage
signal in our system is a time-dependent variable, we average
the voltage over a time interval to construct the /-V charac-
teristics. The total duration of the simulation depends on the
external currents. When no vortices move at the beginning
of applied current, the total simulation can be no more than
10* time steps. For the slow moving vortices at relatively low
currents, the simulation is easy to reach periodical voltage os-
cillation. In this case, the total duration can be approximately
3 x 10* time steps. While at higher currents, the total duration
for the simulation can be up to several millions of time steps
due to the multi-harmonic voltage oscillations.

3. Results and discussion
3.1. The effect of slit position on the dynamics of V-Av pair
in the absence of magnetic field

>152] the transport

Due to the effect of current crowding,!
current flow around the slit will generate positive and negative
field in the vicinity of the defect. With increasing current, the
positive and negative flux will develop into vortex—antivortex
pairs and can be driven off by Lorentz force, which becomes
a dynamical system. We demonstrated the dynamics of the V-
Av pair depend on the slit position in this part. First of all, we
start from the simple dynamical behavior of a current-carrying
strip with zero applied field, then the complicated response of
the system to transport current and magnetic field will be dis-
cussed in next section.

Figure 2 shows the effect of slit location in SC strip on the
current-voltage characteristics. The solid line and the dashed
line illustrated the current—voltage (/-V') characteristics of the
strip contained centered slit and the case of off-centered slit
with shifting distance of dy = L/6 from center in SC strip,
respectively. For the case with centered slit, the strip keeps

superconducting (inset 1) up to the threshold external current
density j. = 0.24 (inset 2), at which the SC current density
exceeds locally the pair-breaking current jgr and the system
turns into a nonequilibrum state.>®) Note that the nonzero
slope of the I-V curve is due to the nucleation of the posi-
tive and negative flux in the slit and contact resistance from
the leads. For the case with off-centered slit, the PSL first
appears at the location of the slit as expected (inset 3). The
distributions of Cooper-pair density illustrates the distinguish-
ing PSLs for the centered slit and off-centered one. It can be
found that the location of the slit have a great impact on the /-
V characteristics. The first critical current j.; for the case with
off-centered slit is larger than that with centered slit. This is
the reason that the order parameter is strongly suppressed in
the middle of the strip.’%) However, with further increasing
current, the second critical current j., for the nucleation of
new PSL (inset 4) is much smaller for the case with centered
slit, since it needs a larger current to reach the condition for
the nucleation of next two PSLs.
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Fig. 2. (color online) Current—voltage characteristics of the sample with
the centered-slit (black solid line) and off-centered slit with shift distance
ds = L/6 (red dashed line) of slit length S, = 2.0. Panels 1-4 show the
Cooper-pair density for current values indicated in the -V curves.

Figure 3(a) shows the time evolution of output voltage
in the sample contained centered (solid line) and off-centered
slit (dashed line) at jo = 0.4 and H = 0. In order to observe
the creation, motion, and disappearance of V-Av pair gener-
ated around the slit, we presented the snapshots of magnetic
field profile for the two cases at times indicated in the V—¢
curves. Figure 3(b) shows the development of magnetic field
B; along the line of their motion (y = L/2) at different time in-
tervals for the case with centered slit. The average value of the
output voltage for the centered slit is larger than the one for
the off-centered case. The nucleation of V-Av pairs depends
on the slit location. Thus the narrow slit is also an effective
phase-slip pinning center, which is like the case of a supercon-
ducting stripe with magnetic dots on top./?>! From the periodic
oscillations of the voltage, the V-Av pairs are depinned at the
minimum of the measured voltage (points 1 and a). With time,
the V-Av pairs are separated in opposite directions and travel

047403-3



Chin. Phys. B  Vol. 26, No. 4 (2017) 047403

towards the lateral edges (insets 2 and b), which leads to the
increase of voltage. Then they disappear at the lateral edges
of the sample (insets 3 and c). This corresponds to the max-
imal measured voltage. After the expulsion the SC current
is recovered, which results in the decrease of voltage signal.
Meanwhile, a new pair of positive and negative flux nucleates
again around the slit, and the system relaxes to its initial state
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(insets 4 and d). Note that we observed only one scenario
of dynamical process for different slit lengths in the absence
of magnetic field, i.e., the V-Av pair in the slit are both de-
pinned and expelled laterally simultaneously. Nevertheless, in
the presence of a weak magnetic field there exists more fas-
cinating phenomena, which will be described in the following

section.
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Fig. 3. (color online) (a) Equilibrated voltage vs time responses of the sample contained centered slit (solid line) and off-centered one (dashed line) for
Jje =0.4 and H = 0. Panels 1-4 [(a)—(d)] show the snapshots of magnetic field profile at times in V-Av pair dynamical process for the centered (off-centered)
case. (b) Cross sections of magnetic field profile at y = L/2 for the centered case at time intervals indicated in the V- curves.

3.2. The effect of slit length on the vortex dynamics in the
presence of magnetic field

As mentioned above, the dynamics of V-Av not only de-
pends on the slit location in SC strip and mechanical strain,
but also depends on the applied magnetic field. The presence
of magnetic field break the symmetrical movement of V-Av
pairs. Moreover, the lateral vortex will also take part in the dy-
namical system. For the SC strip containing narrow slit with
transport current and applied field will posses complex and
fascinating vortex dynamics. In this section, we focus on the
response of our system with different slit lengths to increas-
ing applied current for a constant applied magnetic field. The
simulations are done within a weak magnetic-field regime so
that no Abrikosov vortices enter the sample in the absence of
applied current.

The I-V characteristics for two kinds of slit length are
shown in Fig. 4(a). The inset snapshots of the Cooper-pair
density are illustrated for case of the slit length S, = 2.0. At
applied current density j. > 0.145, the kinematic vortex (in-
set 2) is observed on right-hand side and left-hand side by
turns till the j. < 0.186. When single-side kinematic vortex
line appear in the sample, there is no change of slope in the
I-V curve. This feature is induced by the low-frequency volt-
age oscillation (see also Fig. 5(a)), which is similar with our
recent work.[*4! It should be mentioned that the appearance
of kinematic vortex line can lead to a jump of /-V curve in

an SC square loop,*”! which is quite different from our re-

sults. With further increasing current, phase-slip lines can be
observed both on right and left sides of the slit simultaneously.
The system is switched into a higher resistive state at the sec-
ond critical current j., = 0.187, which leads to an abrupt jump
and change of the slope of -V curve. For the case of slit with
smaller length, such single-side kinematic vortex lines can be
also observed when the applied current density is restricted in
the range of 0.23 < j. < 0.245, while the vortex dynamics of
V-Av pairs can be distinctly different from the case of longer
slit length, which will be explained in the following part in
detail. As the current is increased up to j.3 = 0.45, two new
PSLs nucleate at each side of the centered slit (inset 4). This
provides for a large jump in the /-V curve. As expected, the
critical current j.3 for the longer slit length is much smaller.
Figure 4(b) shows the time evolution of output voltage at
Jje =0.45, H = 0.1. From the periodic multiharmonic voltage
oscillation, the two PSLs firstly nucleate at top and bottom side
of the centered slit (inset 1). As time goes on, they can be at-
tracted to the two tips of the slit (insets 2) and merge with each
other, forming a circular (inset 3) till the superconductivity of
region around the slit is utterly suppressed (inset 4). This stage
of high voltage can be decreased to the low stage when there
are only two PSL at the right and left of the slit (insets 5 and
6). With time, two more vortices nucleate at the top and the
bottom side of the centered slit (inset 7), which finally form
kinematic PSLs (inset 8). The system relaxes back its initial

state to continue the ever dynamical process.
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Fig. 4. (color online) (a) Current—voltage characteristics of the sample con-
tained a narrow slit with length S, = 2.0 (black solid line) and with smaller
length S, = 0.8 (dashed line) in the current increasing regime for H = 0.1.
Panels 1-4 shows the inset snapshots of Cooper-pair density indicated in the
1-V curve. (b) Equilibrated voltage vs time responses of the sample with
centered slit of length S, = 2.0 at jo = 0.45, H = 0.1. The insets show the
distributions of PSLs at times indicated in the V- curve.
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Fig. 5. (color online) (a) Calculated voltage versus time characteristics of
the sample for slit length S, = 2.0 at jo = 0.18 and H = 0.1. Panels 1-
6 show the snapshots of kinematic vortex line at single side by turns. (b)
Cross sections of the Cooper-pair density at y = L/2 at times indicated in
the V¢ curve.

Figure 5(a) shows the periodical oscillations of the volt-
age in the SC strip with slit length S, = 2.0 at jo = 0.18 and
H =0.1. To obtain a better insight into the dynamical process
of V-Av pair, the snapshots of magnetic field profile and the
Cooper-pair density at times indicated in the V¢ curve are also
plotted. Figure 5(b) illustrates the distribution of the Cooper-
pair density along the line of the motion of the V-Av pair. The
local flux induced by the current crowding can involve into
vortex and antivortex (V-Av). In this case, the slit and the local
flux induced by the current crowding promote V-Av generation
(vortex-generator), which is similar with the vortices induced
by the stray field of the magnetic dots.*"! Since the asymmet-
ric distribution of SC current density around the slit, Lorentz
force at right-hand side tip is much stronger, which results in
the right-hand side antivortex depined first (inset 1). Then the
antivortex travels and disappears at the right lateral edge of the
strip (inset 2). This leads to the local maximal voltage. Mean-
while, the right-hand side superconductivity is strongly sup-
pressed so that the right kinematic vortex line appears, while
the left of the sample is nearly superconducting (line 2). The
remaining vortex in the slit subjected to Lorentz force moves
towards the left tip of the slit gradually (inset 3). After the an-
tivortex moving out of the sample, the right-hand side super-
conductivity is enhanced. At this moment, the left-hand side
one starts to be suppressed (line 3). As time goes on, the vortex
in the slit comes to the left tip of the slit and the Lorentz force
acting on the vortex is larger than the pinning force. In this
case, the vortex is depinned and starts to move out from the slit
(inset 4). The left-hand side superconductivity of the sample
is further suppressed and the right-hand side one is recovered
(line 4). Note that the time interval between states 3 and 4 is
long enough that the right-hand side superconductivity can be
recovered, which implied the frequency of voltage oscillation
is quite low. When the vortex travels towards the lateral edge
(inset 5) at the global maximal voltage, the left-hand side or-
der parameter is highly suppressed while the right-hand side
one recovers back the superconducting state (line 5). After the
disappearance of the vortex, a new pair of positive and nega-
tive flux was created again (inset 6) at the global minimum of
measured voltage. Meanwhile, the suppressed superconduc-
tivity at the left-hand side start to enhance gradually (line 6)
and it needs time to recover the left-hand side superconductiv-
ity (line 1). During this stage, the local flux at the left tip of
the slit increases until the right negative flux evolves into mov-
ing antivortex for next period. Beyond that the superconductor
condensate relaxes toward a new dynamic process. Therefore,
such kinematic vortex line appears at single side of the slit by
turns periodically.

If the SC strip is under a higher current, the system will
exhibit a different dynamic feature from the single-side kine-
matic vortex state. Figure 6(a) shows the time evolution of
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output voltage for the same parameters as in Fig. 5 but at even
higher current j. = 0.25. The snapshots of magnetic field pro-
file and Cooper-pair density at times indicated in the V— curve
are also plotted. The dynamical process of such a V-Av pair
is described as follows. The antivortex is first depinned (inset
1). Then it travels towards the right lateral edge where it dis-
appears (inset 2). The remaining vortex is depinned under the
action of strong Lorenz force (inset 3). After the disappear-
ance of the vortex (inset 4), a new pair of positive and negative
flux is created again around the slit (inset 5). Nevertheless,
comparing with the case in Fig. 5, the most distinct difference
between these two dynamic behaviors is that the time interval
between the motion of vortex and antivortex is much smaller
than that in Fig. 5, i.e., at the disappearance of the antivortex,
immediately the vortex is depinned and travels towards the lat-
eral edge. Due to such small time interval, both the left-hand
side and right-hand side order parameter have no enough time
to recover its superconducting state. As a consequence, the
kinematic vortex lines can be observed both at the right and
left sides of the slit simultaneously (see also the snapshots of
Cooper-pair density).
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Fig. 6. (color online) Voltage versus time characteristics of the sample for
the same parameters as in Fig. 5 but now at the applied current j. = 0.25.
Panels 1-5 show the snapshots of phase-slip lines at the double sides of the
slit.

The dynamics of V-Av pairs depends not only on the mag-
nitude of applied current, but also on the size of narrow slit. In
what follows, we will study the dynamical process of the V-
Av pair for two more cases with smaller slit length, which is
significantly different from that for longer slit describe above.
Figure 7(a) illustrates the voltage vs time characteristics for

slitlength S, = 0.8 at jo = 0.25 and H = 0.1, together with the
snapshots of magnetic field profile at times indicated in the V-
t curve. In this case, the level of current crowding around the
slit is lower than that for the longer one. Therefore, the Lorenz
force is not strong enough that the positive and negative flux in
the slit is difficult to be depinned. Due to the inhomogeneous
distribution of current across the sample, a new vortex also nu-
cleates at the right-hand side lateral edge of the sample under
applied drive (inset 1). In view of such conditions, the vortex
created at the lateral edge is first depinned and penetrates into
the sample (inset 2). Then it travel towards the slit where it is
trapped (inset 3) at the local maximum voltage. With time, the
vortex in the slit is depinned under the action of large Lorenz
force (inset 4) at the local minimal voltage. Then the vortex
travels to the lateral edge where it disappears at the maximal
voltage (inset 5). Thereafter, a new pair of positive and neg-
ative flux nucleate around the slit and the vortex nucleates at
the lateral edge (inset 6). In such a dynamical process, it seems
that the slit acts as a place for the vortex created at the lateral
edge to brake and relax.
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Fig. 7. (color online) (a) Voltage versus time characteristics of the sample
for small slit with length S, = 0.8 at jo = 0.25 and H = 0.1. Panels 1-6
show the snapshots of dynamics process of lateral vortex. (b) Voltage versus
time characteristics for slit with length S, = 1.4 at je =0.35and H =0.1.
Snapshots present the dynamics process of V-Av pair and lateral vortex.

In view of this, we conclude that there exists a competi-
tion of prior movement between the lateral vortex and V-Av
pair in the slit, which gives rise to different dynamical pro-
cesses. According to the above analysis, we find that the V-Av

pair in longer slit takes part in the dynamical process, while
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for shorter slit the lateral vortex plays the key role in dynamics
system.

(a) | | 1/V

0.15 0.20 0.25 0.30 0.35 0.40

Je

g 0.35

. A, 40.30
SNV
0.25

0.20

v/,

0.10

0.05

o . . 40
0.25 0.30 0.35 0.40 0.45

Fig. 8. (color online) (a) Time evolution of voltage of the sample for long
slit length S, = 2.0 at jo = 3.0 and H = 0.1. (b) Dependencies of the am-
plitudes A; (blue dashed—dotted line, left axis), A, (black dashed line, left
axis) and frequency (red solid line, left axis) on the applied current density
Je for the slit with length S, =2.0 at H = 0.1. (c) The same parameters as
panel (b) but for the slit with length S, = 0.8. The vertical dashed lines are
plotted for indicating the transition point.

As a consequence, we can image that there should be a
scenario both the V-Av pair in the slit and lateral vortex take
part in the dynamical process simultaneously by changing the
slit length. Figure 7(b) shows such a dynamical process at
je = 0.35 and H = 0.1 for slit length S, = 1.4. We found
that the antivortex and lateral vortex are depinned and move
towards each other (inset 2). Then they come across and anni-
hilate in the half way between slit and right lateral edge (inset
3). Afterwards, the remaining vortex in the slit will be driven
off from the slit (inset 5) and disappears at the left edge of the
sample (inset 6). In this sense, the dynamics of V-Av pairs can
be tuned by the slit length.

Shown in Fig. 8(a) is the V—¢ curve for the slit length
S, =2.0at jo=0.3 and H = 0.1. It can be found that there

exists two amplitudes: the smaller one A; and the larger one
Aj. In order to demonstrate the difference between the quasi-
static phase-slip and kinematic phase-slip state, we present the
variations of the amplitudes (left axis) and the frequency of
voltage oscillation (right axis) as a function of transport cur-
rent for H = 0.1 in Figs. 8(b) (S, = 2.0) and 8(c) (S, = 0.8).
The most interesting observation is that the dependencies of
the amplitudes on applied currents are not monotonic: they
first increase then decrease with the increasing current. The
transition current density jet is 0.187 for slit length S, = 2.0,
and je = 0.246 for slit length S, = 0.8, which exactly cor-
responds to the transition point of vortex dynamics from the
quasi-static state to kinematic state. Furthermore, from the de-
pendence of frequency on je, the frequency is abruptly raised
up at the transition point from quasi-static state to kinematic
state, which corresponds to the evident jump and change of
the slope in the /-V curve. The high frequency oscillation in-
dicated the fast moving vortices at the kinematic phase-slip
state. This may give an insight into the distinct difference be-
tween these two states.

4. Conclusion

To conclude, using the phenomenological time-dependent
Ginzburg-Landau formalism we analyzed the dynamical
properties of the vortex—antivortex pair in a current-carrying
superconductor film with a narrow slit. We found the slit is an
effective phase-slip pinning center and the location of phase
slippage in the sample can be predetermined by the location
of the slit. When the superconducting strip is under a weak
magnetic field, it is surprisingly found that kinematic vortex
line appears at the right side or the left side of the slit by turns
periodically. This single-side kinematic vortex line attributes
to the low-frequency voltage oscillation in the range of low
applied currents and weak magnetic field. At higher currents,
the phase-slip lines can be observed both at the two sides of
the slit due to the fast moving vortex—antivortex pairs. Further
increasing applied current, the slit can attract the phase-slip
lines and lead to the coalescence of the phase-slip lines dur-
ing a complicated multiharmonic voltage oscillation. Further-
more, due to the competition between the lateral vortex and the
vortex—antivortex pair in the slit, we observed three distinctly
different dynamical scenarios of vortex—antivortex depending
on slit length. We conjecture that there would exist more dy-
namical process by adjusting the slit position and external con-
ditions (i.e., applied current and magnetic field). Finally, we
analyzed the dependencies of amplitudes and frequency of the
voltage oscillations on applied currents for a constant mag-
netic field. The amplitudes first increase then decrease with
increasing applied currents, and the transition point happened
to be that from single-side kinematic vortex state to kinematic
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vortex—antivortex state. These results may provide explana-

tion for kinematic vortex—antivortex phenomenon and current-

voltage characteristics in the sample with artificial defects.
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