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We investigate the vortex ratchet effects in a superconducting asymmetric ring-shaped NbN device.
Through transport measurements, we find that the rectified dc voltages are significantly enhanced,
and we observe time-dependent asymmetric voltage waveforms over a single cycle. Our vortex
ratchet device operates over a wide range of temperatures, critical currents, and magnetic fields.
We demonstrate that in this asymmetric structure giant ratchet effects are mainly caused by the
collective behavior of vortices, which differs clearly from one-particle vortex effects studied in

conventional vortex ratchet systems. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4971835]

The controlled motion of magnetic vortices in type-II
superconductors has drawn intense interest for many years
because it provides a natural route to understand fundamen-
tal vortex-transport properties and explore novel solid-state
devices." Recent advances in nanofabrications make it pos-
sible to investigate means of controlling flux motion in a
new generation of superconducting devices, thereby produc-
ing many potential applications such as quantum computing,
superconducting quantum interference devices (SQUIDs),
single photon/electron detectors, and parametric ampli-
fiers."*~'° In particular, ratchet effects based on the motion
of vortices have led to proposals and realizations of flux
pumps and lenses, rectifiers, diodes, or switches, which
enable the removal of unwanted trapped flux and the reduc-
tion of the density of vortices in samples and devices.''~'*

In most of the previous work, ratchet systems produced
by vortices based on periodic asymmetric pinning potentials
and vortex matching are considered to be one-particle ratchet
systems. Sequences of forward and reverse vortex ratchet
behaviors had been studied in superconducting thin films
with arrays of dots, antidots, or triangular magnetic
dots."> 2! In these cases, to observe clearly the vortex ratch-
eting, the applied field H needs to be very low and close to
the matching fields, and the temperature 7 should be quite
near the critical temperature 7., thereby weakening back-
ground pinning. For practical applications, superconducting
devices are often operated below T../2 to elicit better perfor-
mance, and the applied fields must not approach the match-
ing fields present. Recently, much attention has been also
focused on the ratchet behavior in superconducting wires
with asymmetric edges or sharp turns, the geometry of which
is commonly used in a variety of superconducting bridges or
circuits.®>?>72> Nevertheless, in such structures, some details
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are far from being completely understood and the values of
some parameters need optimizing.

In this work, we investigate the vortex ratchet effects in
a microscopic superconducting asymmetric ring-shaped
device. This unique type of structure highlights more the col-
lective motion of vortices. Such a structure is simple and
easy to fabricate lithographically. It primarily reflects the
influence of the ring-shaped geometry on vortex motion in
various superconducting bridges and circuits (for example,
because of limitations in fabrication, some sharp bends in the
superconducting nanocircuits become rounded®). In addi-
tion, compared with conventional ratchet systems based on
individual vortex effects,"”™"* our model is an open system
where the multiple interaction of vortices plays a substantial
role during ratcheting. The model exhibits a significant
enhancement of the rectified signals and operates over a
much wider range of temperatures, critical currents, and
magnetic fields,'” ™" which is very attractive for practical
device applications because for optimal performance, many
superconducting devices are expected to work at low temper-
ature and high current density.>*

Using ultraviolet lithography and reactive ion retching,
we fabricated our samples from 100-nm-thick films of NbN
grown on a MgO (100) substrate. The structure of the sample
consists of a widening eccentric circular loop with two cur-
rent and two voltage contacts; details of the dimensions are
given in the scanning electron microscopy (SEM) image in
Fig. 1(a). The NDbN thin film is a typical type-II superconduc-
tor with high critical temperature 7, ~ 15.1 K, a short super-
conducting coherence length &(0) < 5nm, and a large
London penetration depth Z(0) > 200 nm.*>’ In addition,
NbN films have excellent chemical and structural stability
that create favorable conditions for applications in a variety
of superconducting devices.?"*®2?° The transport measure-
ments were performed in the standard four-probe configura-
tion using a Physical Property Measurement System
(PPMS)-Quantum Design device with temperature stability

Published by AIP Publishing.
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FIG. 1. (a) SEM micrograph of the sample. The geometrical parameters are
R =40 pym, r =20 um, and NbN film thickness d = 100nm. (R and r are the
outer and inner radii of curvature in the sample, respectively.) The widest
width of the bridge is 40 um, and the angle between the two voltage contacts
is 240°. Edges 1 and 2 are the effective outer and inner edges of the bridge,
respectively. The length of edge 1 is L; =167.6 um and that of edge 2 is
L, =62.8 um. (b) Resistance vs temperature dependence of the studied sam-
ple for magnetic fields H =0, 0.1, 0.5, and 1 T.

better than 0.5 mK. Figure 1(b) shows R(T,H) — T plots for
our sample measured in different applied magnetic fields.
The field dependence of the critical temperature 7, and the
sharp resistive superconducting (SC) transition with a width
AT, confirm the good quality of our NbN films.

To analyze the ratchet effect, a sinusoidal current
I() =1, sin(27ft), where I, is the amplitude and f is the fre-
quency (from 0.1 kHz to 100 kHz), was generated using a cur-
rent source (Model 6221, Keithley); a digital nanovoltmeter
(Model 2182a, Keithley) was used to measure the average
ratchet dc response, and the time-resolved voltage was
recorded using an oscilloscope with a preamplifier
(MDO4000, Tektronix). During the measurement, the applied
magnetic field H stayed perpendicular to the film plane. To
improve the efficacy and accuracy of measurements, all
instruments were interfaced and controlled by computer oper-
ating within the LabVIEW software environment, which facil-
itated the capture and storage of experimental data.

The origin of the ratchet mechanism is illustrated using
the model in Fig. 2. In this bridge, the Lorentz force F; gen-
erated by the applied current moves the vortices along the
direction of equipotential lines, which are vertical to the
outer edge (edge 1) and inner edge (edge 2) of the bridge. If

F,
) X H Fu

edge 1

(b)

FIG. 2. Sketch of vortex motions in the bridge for opposite current directions.
H and I are the applied magnetic field and the driving current, respectively.
F, is the Lorentz force induced by the applied current, F,, the pinning force
determined by the edge of the bridge, and F,, the repulsive vortex—vortex
interaction force. Red circles indicate vortices (shown schematically not in
scale) and red arrows show the direction in which these vortices flow. Edges 1
and 2 correspond to the outer and inner edges of the bridge; the curve lines in
the sample that are vertical to both edges 1 and 2 are equipotential lines.
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the current is injected along the bridge [see Fig. 2(a)], the
vortices move from the inner to the outer edge. While the
current is reversed, the directions of vortices also reverse
[Fig. 2(b)]. When entering the bridge, the vortices feel the
vortex—vortex interaction forces F,,», (F,,15) near edge 2
(edge 1); when exiting the bridge, the vortices feel the vor-
tex—vortex interaction forces F,,, (F,,2,) and the edge pin-
ning force F,1, (F,2,) near edge 1 (edge 2). We find that the
vortex density is higher and the distances between vortices
are shorter near edge 2 than near edge 1. In addition, this
structural asymmetry of the device makes it easier (harder)
for vortices to enter and exit the bridge if current flows along
the bridge, as seen in Fig. 2(a) (Fig. 2(b)).

As a result, the structure of the inner and outer edges of
the bridge provides significant effective potentials during
vortex ratcheting. The forces acting on the vortices and the
vortex motions depend on the applied current directions. We
have demonstrated that such a simple unique bridge structure
does contribute to the asymmetry of the V(/) characteristics
and therefore to vortex ratchet effects.

Figure 3 shows the dc voltage versus ac-current ampli-
tude (Vg4 —I,c) characteristics at H=0.1T and T=14K.
The rectification of the vortex motion is characterized by
measurements of V., which grow monotonically with /.
from zero up to a maximum value of ~1.7 mV and thereafter
decays smoothly to zero, thus establishing the typical behav-
ior of ac-driven objects in a ratchet potential. The range of
amplitude Al,. where ratcheting occurs is about 7 mA, which
we refer to as the rectification window. In Fig. 3 (insets
[-VIIID), we show details of the (V. — I,.) characteristics by
investigating the voltage output wave form over a single
cycle of the ac drive for different drive amplitudes.

From insets II to III, the ratchet system acts as a half-
wave rectifier, where the positive voltage wave-forms
become gradually higher; in addition, V. increases. These
points correspond to instances when vortices travel across
the bridge only in the easy direction. At about /,.=11mA
(inset IV), a maximum V. is achieved and a small negative
voltage sign appears in the V() wave form, where a few
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FIG. 3. DC voltage V. as a function of ac amplitude at 7= 14K, H=0.1T,
and a frequency of f=1 kHz. Insets (I-VIII): Time evolution of the voltage
output V(¢) for one period at/,. =7, 9, 10, 10.8, 11.5, 12, 13.2, and 14.6 mA,
respectively.
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vortices are traveling in the hard direction. With a further
increase in /I,., both positive and negative voltage outputs
gradually increase and broaden while the spacing between
them decreases (insets V—VII), corresponding to the range in
amplitude where V. decays.

To further illustrate the dependence of ratchet features on
vortex size and density, we show in Fig. 4 the (Vg — I4)
characteristics at different temperatures for magnetic fields
H=0.1T and H=1T. When H=0.1T, with increasing tem-
perature towards 7, our sample exhibits monotonic declines
in both the maximum rectified voltage (from ~3.2mV to
~0.5mV) and the width of the rectification window (from ~9
mA to ~5mA) [Fig. 4(a)]. As also seen in Fig. 4(b), with
decreasing temperature, the maximum rectified dc voltage
increases sharply at first, then grows more smoothly, and
finally appears stable. We attribute this result to the effect of
vortex fluctuations and the vortex size. When temperatures
are very close to T, the vortex size increases significantly,

: 7
R (b)] 5
16 | \.s. —E— max Vdc |
—~ L . _ <
2 N 2
12 | | | | o
_8 ° >
r -1
g —®—maxl_ |

084 088 _ 092 096
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FIG. 4. (a) V4. output versus ac amplitude for various temperatures
T=125, 13, 13.5, 14, and 14.5K, with applied field H=0.1T. (b)
Temperature dependent plot of the maximum V. and the ac current input /.
where this is achieved in (a). (c) V. output versus ac amplitude for various
temperatures 7= 12, 12.5, 13, and 14 K, with applied field H =1T. The fre-
quency is f=1 kHz.
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which weakens the effectiveness of the asymmetric potentials
in our ratchet system and reduces the magnitude of its effect.
In contrast, when the temperature is lowered from T, the
decrease in fluctuations and vortex size should lead to a mono-
tonic increase in rectification. Nevertheless, with further
decreasing temperature, the vortex—vortex repulsion F,, weak-
ens, while both the edge pinning potential F, and background
pinning strengthen, thereby causing a reduction in the ratchet
potential and a saturation of the rectification efficiency. In
addition, the ac current amplitude where the maximum V. is
achieved (the max /,. in Fig. 4(b)) shifts towards higher values
when the temperature decreases; this is approximately propor-
tional to the critical current for the range of temperatures used.
The variation of V,. with temperature in our ratchet system
is very similar to that seen in previous vortex ratchet behavior.
However, this system is still able to display strong ratchet
features even at low temperatures (T/T, = 12.5K/14.9K
~0.84), which is the main difference compared with that in
other work.">™"*

As seen in Fig. 4(c), the vortex ratchet effect is much
weaker at a higher magnetic field (H=1T), but the maxi-
mum dc voltage is still above 0.1 mV. At T= 14K, where
the temperature is very close to 7., no ratchet signal is
observed; at lower temperatures, the maximum dc voltage
increases, which is similar to the behavior at H =0.1T. The
reduction in the rectified voltage is explained as an increase
in vortex density. In this case, the vortices cannot sense the
asymmetric ratchet potential imposed by the edges of the
sample. Consequently, the vortex rectification here strongly
depends on the magnetic fields, but the fields will not be lim-
ited by the matching field.

Note that our system shows a significant enhancement in
dc voltage rectified responses (several mV) and can operate
over wide ranges of ac current amplitudes (Al,. =~ 9 mA),
temperature (T /T, ~ 0.84), and magnetic field (H=1T).

The rectified voltage response remains almost unchanged
as frequencies are varied (from 0.1 kHz to 100kHz) for both
H=0.1T and H=1T; this demonstrates that the dc voltage
is insensitive to low frequencies (Fig. 5). We calculated that

]
16FH=01T (a)-
S | 0.1kHz ]
= —=—1kHz
~— 08 |- ——10kHz .
8 —<— 100 kHz
> L

=1T

~.0.08
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FIG. 5. V4 as a function of ac amplitude /,. for (a) H=0.1T and (b)
H=1T at different ac frequencies. The temperature is 7= 13 K.
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the vortex velocity is v=100m/s if the vortex does not travel
across the sample during a positive half-period 7'/2. The net vor-
tex displacement is s =v -t =VI/2 <w=40um, so T <8
%1077 < 107°, and therefore we have f > 10°Hz = 1 MHz.
Accordingly, to achieve the distinctive step structure in the volt-
age versus the ac current amplitude and investigate the approxi-
mate nonadiabatic ratcheting characteristics, the applied
frequency should be larger than several MHz.*

In summary, we have studied vortex ratchet behaviors in
a unique asymmetric superconducting structure. We found
that the vortex ratchet is mainly generated by a collective
behavior of the vortices, from which it can be seen that both
the vortex—vortex interaction and the geometry of the pin-
ning centers play an important role in controlling the rectifi-
cation of the vortex motion. Different from conventional
vortex ratchet effects, our vortex ratchet system can signifi-
cantly increase the ratchet signal and operate within wide
ranges of temperatures, magnetic fields, and ac drive ampli-
tudes. Moreover, our model is distinguished by its simple
geometry and easy fabrication; the structure furthermore is
typical and common in superconducting devices, thereby
having the potential for many compatible applications.

Finally, it should be noted that this study has concen-
trated on only a single sample with a constant shape, thick-
ness, and width. For similar geometries, it will be interesting
to study the corresponding vortex motion when the shape of
the sample is tuned or the size of sample is on the scale of
the coherence length & or penetration length 4. Nevertheless,
our results clearly indicate the main ratchet features prompt-
ing the need for further exploration of the flux motion in
these micro-nanostructured superconductors.
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