CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Multiple reversals of vortex ratchet effects in a superconducting strip with inclined
dynamic pinning landscape

An He(ff] %) and Cun Xue(F¥A7)

Citation:Chin. Phys. B, 2020, 29 (12): 127401.  DOI: 10.1088/1674-1056/abbb

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Phase-field simulation of superconductor vortex clustering in the vicinity of

ferromagnetic domain bifurcations

Hasnain Mehdi Jafri, Jing Wang( T ##), Chao Yang(#i8), Jun-Sheng Wang(F-1& 7}), and Hou-Bing Huang(%% J5 1t)
Chin. Phys. B, 2020, 29 (12): 127402. DOI: 10.1088/1674-1056/abb22c

Anisotropy of Ca,-;La,,;(FessC000s)As, studied by torque magnetometry

Ya-Lei Huang(#& .%%), Run Yang(#47[), Pei-Gang Li(Z=5% 1), Hong Xiao( M %)
Chin. Phys. B, 2020, 29 (9): 097405. DOI: 10.1088/1674-1056/ab9f26

Topological superconductivity in a Bi,Te;/NbSe, heterostructure: A review

Hao Zheng(%B7%5), Jin-Feng lia( %1 & %%)
Chin. Phys. B, 2019, 28 (6): 067403.  DOI: 10.1088/1674-1056/28/6067403

Superconductivity in self-flux-synthesized single crystalline R,Pt,Ges(R = La, Ce, Pr)

Q Sheng(}%3H), J Zhang(7k ZE), K Huang (¥ F1%%), Z Ding( ] JEI%), X Peng(i#2 /)N 1), C Tan(IEFE), L Shu(4£75)
Chin. Phys. B, 2017, 26 (5): 057401. DOI: 10.1088/1674-1056/26/50057401

Critical current density behaviors across a grain boundary inclined to current with

different angles in YBa,Cu,0,, bicrystal junctions

Tao Hua({£7%), Wei-Wei Xu(¥F-fFfF), Zheng-Ming Ji(i5 4+"Y), Da-Yuan Guo(¥§KJC), Qing-Yun Wang(F & =),
Xiang-Rong Ma( il %), Rui-Yu Liang(#£2 % F2)
Chin. Phys. B, 2016, 25 (6): 067401. DOI: 10.1088/1674-1056/25/6/067401



http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbb
https://doi.org/10.1088/1674-1056/abbb
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb22c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb22c
https://doi.org/10.1088/1674-1056/abb22c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab9f26
https://doi.org/10.1088/1674-1056/ab9f26
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/6/067403
https://doi.org/10.1088/1674-1056/28/6/067403
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/5/057401
https://doi.org/10.1088/1674-1056/26/5/057401
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/6/067401
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/6/067401
https://doi.org/10.1088/1674-1056/25/6/067401

Chin. Phys. B Vol. 29, No. 12 (2020) 127401

Multiple reversals of vortex ratchet effects in a superconducting strip
with inclined dynamic pinning landscape*

An He(f7%)'2 and Cun Xue(F££7)>"

1 College of Science, Chang’an University, Xi’an 710064, China

2School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China

3 School of Mechanics, Civil Engineering and Architecture, Northwestern Polytechnical University, Xi’an 710072, China

(Received 4 May 2020; revised manuscript received 11 September 2020; accepted manuscript online 28 September 2020)

Using time-dependent Ginzburg-Landau formalism, we investigate the multiple reversals of ratchet effects in an
unpatterned superconducting strip by the tilted dynamic pinning potential. In the case of collinear sliding potential and
Lorentz force, vortices are always confined in the channels induced by sliding potential. However, due to the inclination
angle of sliding pinning potential with respect to the Lorentz force, vortices could be driven out of the channels, and
unexpected results with multiple reversals of vortex rectifications are observed. The mechanism of multiple reversals of
vortex rectifications is explored by analyzing different vortex motion scenarios with increasing ac current amplitudes. The
multiple reversals of transverse and longitudinal ratchet effects can be highly controlled by ac amplitude and dynamic
pinning velocity. What’s more, at certain large current the ratchet effect reaches strongest within a wide range of pinning

sliding velocity.

Keywords: multiple reversal, ratchet effect, dynamic pinning potential, Lorentz force

PACS: 74.25.Ha, 74.25.—q, 74.25.Wx, 74.78.Fk

1. Introduction

The guidance of vortices by artificial defects such as
special arrangements of antidots and magnetic nanostructures
is important for general understanding of vortex matter and
application of superconductors. It should be noted that the
first basic explanation of the angular dependence of the guid-
ance vortices via rows of antidots is given by the n-channel
model.["?) Tt was pointed out that the component parallel to
the applied current contributes to the Hall voltage signal. Mag-
netic force microscopy (MFM) has been used to manipula-
tion and image the individual vortices in a detwinned YBCO
single crystal.l3] Moreover, it was numerically reported that
the MFM tip as an individual trap allows multiple supercon-
ducting vortices to move at the same time in periodic pinning
arrays. 4]

Recently, in order to drag superconducting vortices, one
can use dynamic pinning array with different inclination an-
gles to provide the possibility of inducing longitudinal and
Hall voltage in the absence of applied current. What will hap-
pen in a current-carrying superconductor? We know that vor-
tex rectifications occur as drifting vortices along an “easy” di-
rection when asymmetric potential is introduced to break the
inversion symmetry for the vortex motion. Lee et al. first pro-
posed to use the ratchet effect to remove the unwanted mag-
netic flux trapped in superconducting devices."!

Moreover, the reversibility in vortex ratchet systems has

DOI: 10.1088/1674-1056/abbbe5

attracted tremendous interests so far. Villegas et al.l®! ob-
served the reversal of vortex ratchet effect due to the interac-
tion between the vortices trapped on the magnetic nanostruc-
tures and the interstitial vortices. Subsequently, the multiple
reversal of ratchet effect was controlled by increasing vortex
density in an array of nanometre-scale asymmetric traps,’-8!
by different periods of the asymmetric pinning potential 13!
or conformal pinning arrays,'# etc. The asymmetric sam-

ple geometries!!>10]

were also introduced to explore the vor-
tex ratchet effect, such as the corner-shaped superconduct-
ing microstrips!!>! and strips with indentations on one lateral
edge.[']

Additionally, the ratchet effect without spatial asymmetry
was investigated by varying time-asymmetric oscillations of
the drive.!'8! Compared to the mostly static asymmetric pin-
ning sites used in superconductors, Wang et al.!"°! proposed
to tune the vortex ratchet effect by reprogramming the vortex
ratchet potential using different spin-ice states of a magnetic

overlayer. The stroboscopic effect and velocimetry 221!

were
studied by dynamic pinning landscape. Recently, the switch-
able vortex ratchet effect with dynamic pinning potential is
reported. [*?! Due to the collinear Lorentz force and sliding pin-
ning potential, there is no Hall voltage. In the present work, we
propose an asymmetric dynamic pinning landscape by a tilted
sliding pinning potential in an unpatterned superconducting

strip as illustrated in Section 2. The vortex dynamics and
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ratchet effects are studied by the time-dependent Ginzburg—
Landau theory. We find the multiple reversals of rectification
and anomalous Hall voltage oscillation in Section 3. Finally,
the conclusions are given in Section 4.

2. Model system and theoretical approach

For the model system, as shown in Fig. 1, we consider
a thin unpatterned superconducting film in width w and in-
finite length along the x axis. The sample is exposed to a
perpendicular magnetic field H,. The sliding potential can
be created by means of sliding mask which keeps moving
at an angle of 8 = 45° with respect to the x axis (the an-
gle is —135° opposite to the sliding potential). The irradi-
ation source goes through the sliding mask. This can lead
to hot spots in the superconducting film. Thus the array of
dynamic pinning potential appears and also moves across the
sample at 6 = 45°. The driving potential landscape can stem
from, e.g., a famous Giaever dc transformer device,[z“‘27J an
array of magnetic dots,?32°! dynamic spatially periodic light
excitation, 23 shifting traps as those were successfully used to

manipulate colloidal particles, 30341

or inhomogeneous mag-
netic field.[>>) Here the tilted array of circular pinning sites of
radius R = 120 nm with sliding velocity Vv, is presented. The
periods are d; = 800 nm d, = 377 nm in the parallelogram

lattice, respectively.

light source

«

) vp‘d1 : ds (2R
é‘» & —

% sliding mask

Fig. 1. Schematic diagram of the studied system with dynamic pinning po-
tential inclined at 45° with respect to the x axis. Layouts of a sliding mask for
square lattice with radius R and distance interval d. An unpatterned super-
conducting film of width W is applied by a square-wave ac current I, (¢) and a
perpendicular magnetic field H,. The longitudinal voltage V* and transverse
voltage V' are measured parallel and perpendicular to the direction of applied
current, respectively.

In order to explore the vortex ratchet effect in such a sys-
tem, a square-wave ac current I, (¢) is applied to the thin (thick-
ness d < &, 1) superconductor along the x axis. The sliding
potential could promote or suppress the vortex motion for +1,
and —/, depending on the applied currents. This can break
the inversion symmetry of vortex motion. We perform nu-
merical simulations based on the generalized time-dependent

Ginzburg-Landau (tdGL) equations in the gauge of zero elec-

tric potential as follows: [20-36-37]

u_ (9, PP
VIHP P \dt 2 ot v
= (V=iAly+ (ft,r) ¥} v, (1)
JA

= = Re[y'(—iV—A)y]—k’VxVxA (2

Here, the distances are scaled by the coherence length & at the
working temperature, the order parameter y by its equilibrium
value in the absence of applied current and magnetic field, the
vector potential A by @y /27&(T), the time by the Ginzburg—
Landau relaxation time, gy, = nh/8ks (T, — T )u and the mag-
netic field H, by He, = ®y/27E2. The current density is in
units of jo = G,,h/ZerGLé.

The voltages V* and V?, in units of ¢y = /1/2e7gL, can be
calculated by [ dA/drdl between two points separated by a
distance 3w/4 along x direction and w along y direction, re-
spectively. Accordingly, V. is the net dc voltage within one
period of a square-wave ac current. In this study, the longi-
tudinal ratchet effect measured along the direction of applied
current is denoted by V. In addition, the transverse dc voltage
denoted by dec can also be observed, which is perpendicular
to the direction of applied current. The parameter u = 5.79 is
a suitable value for most low-T; superconductors according to

36.38] Parameter y accounts for inelas-

the microscopic theory.|
tic scattering (dirtiness) of the superconducting film, and we
take a reasonable value y = 20 for all simulations in the main
text,[39:401

The function f(¢,7) describes the dynamic pinning po-
tential in the superconducting strip. Such a pinning poten-
tial is the suppression of order parameter by local heating
up to critical temperature T; in the depletion region (see de-
tail in Ref. [20]). It is known that f = 0 (or 1) in the
perturbed (unperturbed) regions of the sample. The infinite
sample along the x directions is implemented through peri-
odic boundaries conditions, i.e., W(x,y) = w(x+ L,y) and
A(x,y) = A(x+L,y), where L =3w/4 is the length of the sim-
ulated part of the strip. The superconductor-vacuum bound-
ary condition (V —iA)y]|, = 0 is used at all sample edges.
The applied current is introduced via the boundary condition
for the vector potential V x A|,(y = 0,w) = H, & Hj, where
Hi =2rl,/c is the magnetic field induced by the current /,. [40]
In the following, £ = 73.8 nm, Kk = 4, w = 2.4 um in our
simulations are adopted, which are representatives of thin film
superconductors in the literature. For comparison, typical Nb
thin films have & (0) = 10 nm and & = 15,*! for Al films it has
been reported that £ (0) = 90 nm and k ~ 2 before, > whereas
for Pb, £(0) = 34 nm and k ~ 2.1 Since the effective pene-
tration depth is dependent on thickness of the superconducting
film, it can be varied in a large range of values without signif-
icantly altering T or &. In other words, the chosen values for
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the parameters used in our simulations are somewhat closer to
those reported for Al films.

3. Results and discussion

Let us first discuss the evolution of the rectified dc volt-
age with ac current amplitude at magnetic field H, = 0.1. Fig-
ures 2(a) and 2(b) show the rectified voltages V3, and dec, ie.,
dc voltage within one cycle of applied ac current measured
along x direction and y direction, respectively. Additionally,
the voltages V* and V? represent the average values only for
positive applied current 47, and only for the negative applied
current —J, measured along x and y directions, respectively
(see Figs. 2(c) and 2(d)). Here we use the absolute values of
V* and VY both for +1, and —I, in order to compare with the
difference between the voltages in the cases of +17, and —1I,. It
can be found that there are four regions with several sign vari-
ations of rectified voltage by increasing ac current amplitude.
Although the reversal mechanism of vortex rectifications was
revealed by the change of “easy direction” of vortex motion

in the channels induced by sliding potential,??!

it is definitely
insufficient to understand such unexpected results with multi-
ple reversals of vortex rectifications observed here. Compared
with our previous work, we can definitely attribute it to the
sliding direction of the dynamic pinning potential with respect
to the Lorentz force. Therefore, in the following text, we try to
explore the origin of multiple reversals of vortex rectifications
in different regions by analyzing the vortex motions obtained
with the powerful TDGL simulations. By considering that one
should not put all analyses on the basis of powerful but “non-
obvious” TDGL simulations, of course, we also try to present
a simple way to capture the underlying physics.

One can see a positive rectified voltage V. in region I,
which is small especially at small currents. As shown in
Fig. 2(e), on the one hand, due to the suppression of super-
conductivity in the sliding channels by the dynamic pinning
potential, both 45° and —135° are easier directions than other
degree directions. Although the Lorentz force Fy is not par-
allel to the sliding channel, Fy, is not sufficient to drive the
vortices out of their easy directions (i.e., sliding channels). On
the other hand, the vortices along 45° are slower than v, for
+1, and it is acted as driving force on vortices by the sliding
pinning potential. In other words, the 45° direction for +1,
is a much easier direction than —135° for —I,. As a conse-
quence, the vortices always move along sliding directions but
45° is a much easier direction (see panels 1, 6 on the right of
Fig. 2), which leads to a positive rectified voltage V3. along x
direction. Definitely, one can also observe a positive rectified
voltage V3. along y direction due to the horizontal component
of the vortex motion.

With increasing ac current, a negative rectified voltage Vi
is observed in region II. In this case, vortex velocity induced
by Lorentz force is faster than sliding potential v;, and the slid-
ing potential acted as pinning force. The magnitude of pinning
effect depends on their relative velocity. The relative velocity
between vortices and sliding potential for 41, is smaller than
that for —1,.
that for —Z,. This implies that —135° for —1, is a much eas-

Thus the pinning effect for +1, is larger than

ier direction now, which leads to a smaller resistance force on
vortices (see panels 2, 7 on the right of Fig. 2 and the second
panel in Fig. 2(e)). The similar mechanism for this reversal
vortex rectification has been proposed.[?>23]

With further increase of ac current, in region III, one can
observe a positive rectified voltage V3. again. In this case, as
shown in the third panel of Fig. 2(e), the much easier direc-
tion of sliding channels can still attract vortices moving along
—135° and the Lorentz force for —1, is still unable to drive
vortices out of the channel (panels 8 and 9). However, the
sliding channels with 45° cannot confine vortices anymore and
the Lorentz force is strong enough to drive the vortices out of
the sliding channels. Thus a partial vertical vortex motion can
be observed along +y direction in the case of +1I, as shown
in panels 3 and 4. The direct vertical vortex motion can con-
tribute more to the voltage V* for +/,. This leads to a positive
rectified voltage V. Finally, a negative rectified voltage V. is
observed in region IV with further increasing ac current. In this
case, the current is very large and the Lorentz force is strong
to drive the vortices out of sliding channel. Panels 5 and 10
show that there are two vortex jumps from a sliding channel to
another in each vortex route for both +7, and —1I,. As such, the
effects of vertical vortex motion on the voltage V* for +I, and
—I, are nearly same and the negative rectified voltage should
result from the different vortex velocities in sliding channels
for +1I, and —I,.

Then we discuss the developments of transverse voltages
(so-called Hall voltage) as a function of ac amplitudes shown
in Figs. 2(b) and 2(d). However, different from the longitu-
dinal rectified voltage, the rectified transverse voltage V(i; has
only one sign reversal of ratchet effect as shown in Fig. 2(b).
Interestingly, the Hall voltages V' is not a monotonic function
of ac current amplitude from Fig. 2(d). It should be noted that
when vertical vortex routes along +y increase rapidly for +1,
at 0.165 joW < I, < 0.19joW, one can observe a decrease of
VY with increasing current as shown in points 3, 4 of Fig. 2(d).
As ac current increases to 0.18 joW, V¥ for —I, reaches the
maximum and V? for 4+, has a local minimum. Consequently,
the largest rectified voltage V. appears at I, = 0.18 joW. With
increasing ac current, the vortex motion also has vertical com-
ponent for —I,. This results in nearly the same voltage V> for
—1I, and +1,.
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Fig. 2. The measured dc voltages Vg (a) and Vj; (b) versus ac current amplitude I,. at magnetic field H, = 0.1 for several dynamic pinning
velocities Vp, respectively (multimedia view). The absolute values of longitudinal voltage V* (c) and Hall voltage V> (d) versus positive and
negative current for v, = 0.04. Panels 1-10 show the snapshots of Cooper-pair density for positive/negative current values in the /-V curves.
The blue and red arrows indicate the directions of applied current for 4/, and —I,, respectively. (e) Schematic view of vortex rectification
mechanisms for the four regions with increasing ac current amplitudes. The sliding potential can restrict vortices moving in the channel (the
shaded area). The black thick and thin arrows (45° and —135° directions) indicate the much easier or easy direction for vortex motion compared
with other directions. The blue and red arrows indicate the Lorentz force acting on vortices for 41, and —I,, respectively. With increasing

currents, the arrows becomes bigger, implying the larger Lorentz force.

Figures 3(a) and 3(b) show the variations of longitudinal
and transverse ratchet effect versus dynamic pinning velocity
for different ac currents at H, = 0.1. The rectified voltages Vi,
and dec are both monotonic functions of velocity v;,. Surpris-
ingly, for I,c = 0.18 joW the variations of V3, and dec versus Vp
become extraordinary. The dc voltages first increase rapidly,
then keeps flat for v, < 0.1, after that, the ratchet effects dis-
appear. This means that the rectification becomes strongest at
I,c = 0.18joW for a wide range of dynamic pinning velocity
(see also the red region in I,c ~ V, phase diagram). Another
interesting feature is that the sign of Vj is opposite to that
of V3. but at other ac amplitudes V§, and V3. keep the same
sign. This is ascribed to the fact that at larger currents, vor-
tices bend to move along the direction of Lorentz force for
+1,; and v, < 0.1 (panels 1-3). While the vortices move along

tilted straight lines for —1I,. Therefore, the voltage V* for +1,
is larger than that for —I, but V¥ for +1, is smaller than that
for —I,. However, for much larger v, the winding vortices
translate into vortex chains for +7, (panel 4). The effect of dy-
namic pinning potential on vortex motion is almost the same
for +1, and —I, under this condition. This leads to nearly no
ratchet effect.

Figures 4(a) and 4(b) illustrate the developments of the
rectified dc voltage V. and dec versus ac current amplitude at
H, = 0.2, respectively. By contrast to the case of H, = 0.1,
the first peak of rectified voltage occurs earlier for the smaller
dynamic pinning velocity. There is only one reversal for lon-
gitudinal ratchet effect but four reversals for transverse ratchet
effect. The crossed phase slip lines both exist for +7, and
—1I,. However, the voltage V* is monotonic as a function of
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I, which for —1I, is always larger than that for +/, in the cur- sometimes larger and sometimes less than that for +7,. The out
rent Ic > 0.09joW as shown in the V(z) curve of Fig. 4(c).  of sync jump induced by phase slip lines as shown in Fig. 4(d)
Hall voltage V¥ oscillates with I,., and Hall voltage for —1I, is  is responsible for the multiple reversals of ratchet effect.
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Fig. 3. The dc voltages Vg, (a) and Vlfc (b) versus dynamic pinning velocity v, (multimedia view). Panels 1-8 show the snapshots of Cooper-
pair density for different dynamic pinning velocities in the Vyqc.—V}, curves. (c) The I,.—V,, phase diagram of the rectified voltage V3, at magnetic

field H, = 0.1.
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Fig. 4. The measured dc voltages V. (a) and dec (b) as a function of ac current amplitude /,. at magnetic field H, = 0.1 for several dynamic
pinning velocities, respectively. The absolute values of longitudinal voltage V* (c) and Hall voltage V' (d) versus positive and negative current
for v, = 0.02, respectively.
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Figure 5 shows the same developments of rectified dc
voltage versus dynamic pinning velocity as Fig. 3 but at H, =
0.2. It is obvious that the rectified voltage exhibits no re-
versible ratchet effect at smaller currents. However, differ-
ent from Fig. 3, at the intermediate ac amplitude /I, = 0.1,
the reversible ratchet effect versus v, is observed. This tran-
sition is caused by the relative velocity of vortex motion to
sliding pinning. At smaller velocities, the dynamic pinning
sites impede the vortex motion for 4, while the vortices move
preferentially against the direction of dynamic pinning poten-
tial for —I,.
smaller v,. However, on the contrary, vortices for larger v,

This leads to the negative rectified voltage at

move more quickly along the direction of dynamic pinning
sites for +1, than that for —I,. As a consequence, positive rec-
tified voltage appears at larger V,,. As ac current increases to
I,c = 0.19jyW, the rectification becomes strongest in the wide
range of 0.03 < v, <0.1.

(a) 010
0.05
0f -
_ —0.05[8
S
E —0.10
—0.15
—0.20
—0-255 0.05 0.10 0.15 0.20
v/ (§/7c1)
0.4
(b) —TI,.=0.06
—1,.=0.10
0.2 I=0.12
§
< 0 ------B====
;Sg
—0.2
H,=0.2
—0-45 0.05 0.10 0.15 0.20
vp/(&/7aL)

Fig. 5. The variations of V3. (a) and V3 (b) versus v, at Hy = 0.2,
respectively.

4. Conclusion

In summary, the vortex dynamics and rectifications of a
superconducting strip by tilted dynamic pinning potential is in-
vestigated using the time-dependent Ginzburg—Landau equa-
tions. Due to the inclination angle of Lorentz force with re-
spect to sliding potential direction, the sliding potentials con-
fine vortices moving in the tilted channels, but the Lorentz
forces try to drive vortices out of the channels. This leads to

a complicated background for vortex dynamics owing to the
competition between Lorentz force and sliding potential. De-
pending on ac amplitude and sliding potential velocity, mul-
tiple reversal of transverse and longitudinal ratchet effect can
be observed for different magnetic fields. The reversal mech-
anisms of vortex rectifications are illustrated by the change
of easier direction for vortex motion. The consideration of
easier direction is not only along the tilted channels but also
vertical Lorentz force. The oscillation of Hall voltage versus
current value denotes a distinct characteristic from the tradi-
tional current-voltage curve. This is due to the increased verti-
cal vortex routes with increasing current amplitude. Moreover,
when the applied current is large enough in which the Lorentz
force dominates, the ratchet effect reaches strongest within a
wide range of velocity v;,. The approach could also be useful
for the manipulation of vortices in the iron-chalcogenides and
the Majorana zero modes in their cores**"! for topological
quantum computing. This technique could be used to make
something like a quantum computing punch card. Such a ver-
sion of this idea has ever been proposed for a single trap.[*8]
The ability to manipulate a large array of traps could mean that
this approach could be scaled up.

Supplementary figures

See the supplementary movies (M1, M2, M3, M4, M5)
for the ratchet effect at H, = 0.1 for different ac current ampli-
tudes as shown in Fig. 2.
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