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Using a finite element method to numerically solve the time-dependent Ginzburg-Landau equations, we stud-
ied the dynamic properties of the mesoscopic superconducting strips. We obtain the different voltage—current,
free energy—time, and vortex evolution patterns for different temperatures conditions and applied current. Our
results show that the temperature and the applied current directly influence the dynamics of the superconducting
condensate and lead to the variations of threshold current and the periodic oscillations of the free energy across

the strips with a frequency.
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1. Introduction

In the last decade superconductivity at decreased
structure dimensions has received an increasing inter-
est mainly due to the huge advancements in modern
nanofabrication techniques. Mesoscopic superconduc-
tors constitute a class of materials where size effects can
play a relevant role to determine the vortex arrangement
throughout the superconducting film [1-12]. When their
thickness is much smaller than the coherence length &
and the penetration depth A, the external magnetic field
in terms of vortices can penetrate into a superconduct-
ing film, and vortex interactions with other vortices and
with the screening currents circulating around the edges
give rise to a variety of configurations, such as the giant
vortex state [7, 8], multivortex state [9, 10], and vortex-
antivortex state [11, 12]. Meanwhile, the magnetic flux
vortex configurations are strongly influenced by both the
geometry and size of the sample [13]. The physics be-
comes even richer when an electric field is applied to
these samples in addition to a magnetic field, resulting
in the phase-slip phenomenon and oscillatory phenom-
ena [2, 14]. For example, a superconducting strip with a
perpendicular magnetized dots on top in the presence of
an applied dc current exhibits the periodic oscillations of
the voltage due to the phase-slip phenomenon [2]. The
mesoscopic superconducting weak links indicate possible
magnetoresistance oscillations and reentrance of super-
conductivity due to the current driven transition from
the Abrikosov—Josephson to Josephson-like vortex [14].
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Oscillatory phenomena, which are an important part of
the electronic scene, are readily found in nonequilibrium
superconductivity. However, mesoscopic superconduct-
ing film may also exhibit oscillation features, such as free
energy and amplitude of the voltage oscillation. In this
paper, we study the dynamic properties of the mesoscopic
superconducting strips under the influences of tempera-
ture, applied current, and applied magnetic fields, and
investigate the possible oscillation phenomenon. Numer-
ical simulations are performed inside the framework of
the time-dependent Ginzburg-Landau (TDGL) model.
Also, by using finite-element method (FEM) [15, 16], the
TDGL equations are numerically solved to obtain the
dynamic properties of the superconducting strips.

The work is organized as follows. In Sect. 2, we
show the derived TDGL equations and explain the nu-
merical method and procedure used in the calculations.
In Sect. 3, we analyze the results obtained for the su-
perconducting strips. Our results are finally summarized
in Sect. 4.

2. Theoretical formalism

We consider a mesoscopic superconducting stripe and
the superconducting state is usually described by the
complex order parameter ¢». The quantity |¢|? represents
the electronic density of the Cooper pairs. In the regions
where [1)|? is small, superconductivity is suppressed. At
the center of the vortex [1|? = 0, whereas the local mag-
netic field B is maximum. We restrict ourselves to a
sufficiently thin strip such that the thickness d < &, A
(€ is the coherence length, A is the penetration depth).
The strip is surrounded by vacuum with an applied mag-
netic field H = (0,0, H) in the z-direction and the trans-
port current I = (0,7,0) in the y-direction. The order
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parameter and the local magnetic field can be determined
by the Ginzburg-Landau (GL) equations in their time-
dependent formalism, expressed by [17]:

(844¢)w:6%4Afw+ﬂ—T—¢m¢yﬂ)

ot
DA
Re[y)* (—iV — A)¢] — K2V x V x A, (2)

where @ is the scalar potential, 1 is the complex or-
der parameter, A is vector potential, x is GL parame-
ter, and o is the conductivity constant. The first equa-
tion governs the relaxation of the superconducting order
parameter v, and the second equation is the Maxwell
equation for the induced magnetic field B = V x A.
All physical quantities are measured in dimensionless
units. The distances are scaled with the coherence length
£(0). A is given in units of @¢/27E(0) (P9 = ch/2e
is the flux quantum). The magnetic field is in units of
He = $0/27m€(0)? = /2kH,, where H. is the thermo-
dynamic critical field and x = A/€ is the GL parameter.
The time is in units of GL relaxation time tqg = wh/8kgT,.
Temperature T is in units of T, (critical temperature).
Order parameter 1 is scaled to its value at zero magnetic
field. The free energy of the superconducting state, mea-
sured in Fy = H2V/87 units, is expressed as

2 T ot 17— i)
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+K2(Vx A— H)Q} av. (3)

To account for heating effects, we couple Eq. (1) and
Eq. (2) to the heat transfer equation

T DA\
v = (V2T + (at> —n(T —Tp), (4)

where T} is the bath temperature. Here we use v = 0.03,
¢ =0.06, and n = 2 x 104, corresponding to an interme-
diate heat removal to the substrate [18]. The transport
current is introduced via the boundary condition for the
vector potential V x A|, (x = 0,w) = H + Hy. The ex-
ternal dc current I is induced by imposed H; on the
lateral edges of the sample. From the vector potential
it is possible to obtain the voltage by using the relation
V= % [ Adl. The applied current is given in units of
Jo = onhi/2etp€(0) (o, is the normal-state conductivity),
and the voltage scale is given by Vy = h/2ety.

For the magnetic field, the boundary condition reads:
(V x A) |boundary = H. For the order parameter, we use
the superconductor-insulator boundary conditions, i.e.,
we set the normal component of the supercurrent across
the boundary to zero: n-(V — iA) ¥|boundary = 0, where
n is the outward normal unit to the surface. Finally, to
simulate a infinite length strip, we apply periodic bound-
ary conditions in the y-direction: ¢ (z,y) = ¥(x,y + Ly)
and A(z,y) = A(z,y + L), where L, is the length
of the simulated rectangular unit cell (with width L,).
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The TDGL equations and their discrete forms are gauge
invariant under the transformations as follows: ' =
pelX A" = A+ Vy, & = & — Jx/0t. We chose the
zero-scalar potential gauge, that is, & = 0 at all times
and positions.

3. Results and discussions

We first consider the mesoscopic superconducting strip
with sizes of L, = 5¢ and L, = 11£. Our simulations
have been carried out by using o = 1 and k = 1.2 for the
superconducting strip. The initial conditions are |¢|> = 1
corresponding to the Meissner state and zero magnetic
field inside the superconductor. Figure 1 shows the time-
averaged voltage as a function of the applied current
(V(I)) in the superconducting strip at H/H. = 0.2,
T/T. = 0.85. Tt is known that the superconducting strip
goes through two levels of increasing resistance as driv-
ing current is increased. Low resistance of the super-
conducting strip is maintained up to a threshold current
when maximal current in the strip reaches the de-pairing
current. The threshold current is I./Iy = 0.006. With
further increase in applied current, superconductivity be-
comes utterly suppressed in the strip, leading to a normal
state of higher resistance.

Figure 2 shows free energy as a function of the time
(F(t)) at H/He = 0.2, T/T. = 0.85, and I/I; = 0.005,
which indicates the period 7/tg &~ 1400 of the free-energy
oscillation. The inset shows the contour plots of the
Cooper-pair density at the corresponding time. Under
the drive of the applied current, vortices move along the
y-axis.

Figure 3 shows the time-averaged voltage as a func-
tion of the applied current in the superconducting strip
at H/H.o = 0.6 for the T/T, = 0.5, 0.3, and 0.1, respec-

tively. We observed that the corresponding threshold
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Fig. 1. The time-averaged voltage as a function of the

applied current in the superconducting strip with di-
mensions L, = 5§ and L, = 11¢ at H/H. = 0.2,
T/T. = 0.85.
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Fig. 2. Free energy vs. time characteristics of the strip

at H/Heo = 0.2, T/T, = 0.85 and I/Iy = 0.005. The
inset shows the contour plots of the Cooper-pair den-
sity at the corresponding time. Blue to red means that
the absolute value of the order parameter ranges from
minimum to maximum.
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Fig. 3. (a)—(c) The time-averaged voltage as a function
of the applied current in the superconducting strip with
dimensions L, = 5¢ and L, = 11€ at H/H = 0.6 for
the T'/T. = 0.5,0.3, and0.1, respectively.
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Fig. 4. Voltage vs. time characteristics of the strip at
H/H.= 0.6, I/Io =0.06 and T/T. = 0.1.

currents were I./Ip = 0.01, 0.05 and 0.1, respectively.
With decrease in temperature 7', the threshold current
increases. Figure 4 shows voltage vs. time characteris-
tics V(t) of the strip at H/H. = 0.6, I/I, = 0.06, and
T/T. = 0.1, which indicates the period 7/ty =~ 680 of the
voltage oscillation.

For the chosen length of simulation region and the con-
sidered magnetic field, we actually had NV, = 2 vortices
moving in a single row, as shown in the contour plots of
the Cooper-pair density in Fig. 5. There, points 1-8 are
used to denote one period of the vortex dynamics, mak-
ing the characteristic instance. The V(¢) characteristic
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Fig. 5.
time intervals indicated in Fig. 3b. Blue to red means
that the absolute value of the order parameter ranges
from minimum to maximum.
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Fig. 6. The time-averaged voltage as a function of the
applied current in the superconducting strip with di-
mensions L, = 10 and L, = 21§ at H/H.2 = 0.3 and
T/T.=0.5.

shows periodic oscillations with a minima corresponding
to the entry of a vortex row inside the strip (see the
cycle-*1). At a later time the new vortex would enter
into the strip from the down boundary (cycle-*2) and
pushes the previous one out of the strip, which leads to
a maximum in the voltage. Subsequently, the new vor-
tex interacts with the previous vortex (cycle-*3, *4, *5,
*6, *7, *8). Ultimately, the superconducting condensate
relaxes towards its minimum.

Up to now we studied the dynamic properties of the
superconducting strip with dimensions L, = 5¢ and
L, = 11£. In what follows, we consider a superconducting
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Fig. 7. Free-energy vs. time characteristics in the
superconducting strip with dimensions L, = 10
and L, =21¢ at H/H:. =0.3, T/T. = 0.5 for the
1/Io =0.01, 0.02 ,..., 0.07 (interval of 0.01).
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Fig. 8. Contour plots of the Cooper-pair density at the
1/1, =0.01, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 (time-
steps: 5000). Blue to red means that the absolute value
of the order parameter ranges from minimum to maxi-
mum.

strip with dimensions L, = 10§ and L, = 21&.
Figure 6 shows the time-averaged voltage as a function
of the applied current in the superconducting strip at
H/H. =03 and T/T, = 0.5. We observed that the
threshold current was I./I =0.09.

Figure 7 shows free-energy vs. time characteris-
tics in the superconducting strip at H/H. = 0.3 and
T/T.=0.5 for the I/Iy = 0.01, 0.02, ..., 0.07 (inter-
val of 0.01). When I/I; < 0.05, the free energy curves
exhibit a similar oscillation behavior, which indicates the
similar vortex motion (see Fig. 8). When I/Iy > 0.05, we
observed the multi-harmonic free-energy oscillation phe-
nomenon and the asymmetric distribution of the vortices
(see Fig. 8). Maybe we can understand this phenomenon
in the following way. The vortex entering into the strip
breaks the symmetry of the flow of the current in the
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strip, and breaks the symmetry of the positions of the
vortices, which leads to the multi-harmonic oscillation
of free energy shown in Fig. 7. That suggests that the
corresponding free-energy oscillates out of phase with its
own frequency tunable both by the applied current and
by the temperature.

4. Conclusions

In conclusion, using the TDGL theory we studied the
dynamic properties of the mesoscopic superconducting
strips at different temperatures. Through our research,
the dynamic properties of two different sizes of super-
conducting strips were obtained. On the one hand, we
obtained the corresponding threshold currents for the
superconducting strip with dimensions L, = 5¢ and
L, = 11¢£. On the other hand, the multi-harmonic oscil-
lation of free energy was found for the superconducting
strip with dimensions L, = 10§ and L, = 21&. The free
energy oscillates out of phase with its own frequency,
which is attributed to the influences of both the tem-
perature and the applied current on the vortices in the
superconducting strip.

Acknowledgments

This work is sponsored by the National Natural Sci-
ence Foundation of China (61875119), Shanghai Rising-
Star Program (Grant No. 19QA1404000) and the Natural
Science Foundation of Shanghai (No. 17ZR1411400).

References

[1] M.V.Milogevi¢, G.R. Berdiyorov, F.M. Peeters, Phys.
Rev. Lett. 95, 147004 (2005).

[2] G.R. Berdiyorov, M.V. Milogevi¢, F.M. Peeters, Phys.
Rev. B 80, 214509 (2009).

[3] M. Tavarone, A. Scarfato, F. Bobba, M. Longob-
ardi, G. Karapetrov, V. Novosad, V. Yefremenko,
F. Giubileo, A.M. Cucolo, Phys. Rev. B 84, 024506
(2011).

[4] P. Sabatino, G. Carapella, G. Costabile, Supercond.
Sci. Technol. 24, 125007 (2011).

[5] G. Carapella, P. Sabatino, G. Costabile, Phys. Reuv.
B 81, 054503 (2010).

[6] D.A. Frota, A. Chaves, W.P. Ferreira, G.A. Farias,
M.V. Milogevi¢, J. Appl. Phys. 119, 093912 (2016).

[7] M.V. Milogevi¢, A. Kanda, S. Hatsumi, F.M. Peeters,
Y. Ootuka, Phys. Rev. Lett. 103, 217003 (2009).

[8] T. Cren, L. Serrier-Garcia, F. Debontridder,
D. Roditchev, Phys. Rev. Lett. 107, 097202 (2011).

[9] L. Peng, C. Cai, J. Low. Temp. Phys. 183, 371
(2016).

[10] G.R. Berdiyorov, M.V. Milogevi¢,
F. Kusmartsev, F.M. Peeters, Phys. Rev.
134505 (2014).

[11] A. Andronov, I. Gordion, V. Kurin, I. Nefedov
I. Shereshevsky, Physica C 213, 193 (1993).

S. Savel’ev,
B 90,


http://dx.doi.org/10.1103/PhysRevLett.95.147004
http://dx.doi.org/10.1103/PhysRevLett.95.147004
http://dx.doi.org/10.1103/PhysRevB.80.214509
http://dx.doi.org/10.1103/PhysRevB.80.214509
http://dx.doi.org/10.1103/PhysRevB.83.024506
http://dx.doi.org/10.1103/PhysRevB.83.024506
http://dx.doi.org/10.1088/0953-2048/24/12/125007
http://dx.doi.org/10.1088/0953-2048/24/12/125007
http://dx.doi.org/10.1103/PhysRevB.81.054503
http://dx.doi.org/10.1103/PhysRevB.81.054503
http://dx.doi.org/10.1063/1.4943364
http://dx.doi.org/10.1103/PhysRevLett.103.217003
http://dx.doi.org/10.1103/PhysRevLett.107.097202
http://dx.doi.org/10.1007/s10909-016-1533-9
http://dx.doi.org/10.1007/s10909-016-1533-9
http://dx.doi.org/10.1103/PhysRevB.90.134505
http://dx.doi.org/10.1103/PhysRevB.90.134505
http://dx.doi.org/10.1016/0921-4534(93)90777-N

1120 Yajing Wang, Lin Peng, Jia Lin, Yufeng Zhang, Lina Sang

[12] M.V. Milosevi¢, W. Gillijns, A.V. Silhanek, A. Libal,
V.V. Moshchalkov, F.M. Peeters, Appl. Phys. Lett.
96, 032503 (2010).

[13] G.R. Berdiyorov, S.H. Yu, Z.L. Xiao, F.M. Peeters,
J. Hua, A. Imre, W.K. Kwok, Phys. Rev. B 80,
064511 (2009).

[14] G. Carapella, P. Sabatino, C. Barone, S. Pagano,
M. Gombos, Sci. Rep. 6, 35694 (2016).

[15] Q. Du, Phys. Rev. B 46, 9027 (1992).

[16] T.S. Alstrgm, M.P. Sgrensen, N.F. Pedersen,
S. Madsen, Acta Appl. Math. 115, 63 (2011).

[17] N.B. Kopnin, Theory of Nonequilibrium Superconduc-
tivity, Clarendon Press, Oxford 2001, p. 213.

[18] G.R. Berdiyorov, M.V. Milogevi¢, M.L. Latimer,

Z.L. Xiao, W.K. Kwok, F.M. Peeters, Phys. Reuv.
Lett. 109, 057004 (2012).


http://dx.doi.org/10.1063/1.3293300
http://dx.doi.org/10.1063/1.3293300
http://dx.doi.org/10.1103/PhysRevB.80.064511
http://dx.doi.org/10.1103/PhysRevB.80.064511
http://dx.doi.org/10.1038/srep35694
http://dx.doi.org/10.1103/PhysRevB.46.9027
http://dx.doi.org/10.1007/s10440-010-9580-8
http://dx.doi.org/10.1093/acprof:oso/9780198507888.001.0001
http://dx.doi.org/10.1093/acprof:oso/9780198507888.001.0001
http://dx.doi.org/10.1103/PhysRevLett.109.057004
http://dx.doi.org/10.1103/PhysRevLett.109.057004

