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Flow of a Single Magnetic Vortex in a Submicron-Size Superconducting Al Disk Controlled
by Radio-Frequency Currents
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We report the first observation of a single-vortex flow in a mesoscopic superconductor. A flow of a
single vortex is successfully controlled by an rf current superimposed on a dc current, evidence of which is
provided by voltage steps in current-voltage (/-V) characteristics. Irrespective of the number of vortices
confined to the disk, we unambiguously observe that when a single vortex inside the disk is driven out of
the disk, another vortex enters the disk similarly to two balls colliding in billiards: only one vortex passes
through the Al disk at the same time in mesoscopic systems.
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Since the rapid development of microfabrication tech-
niques, superconducting vortex states and their dynamics
in small structures comparable to the size of Cooper
pairs have attracted much attention owing to novel physi-
cal properties and their potential application as next-
generation devices [1]. Several nontrivial facts have
come to light through the study of mesoscopic systems
despite the difficulty in measuring such small samples. In
magnetic fields, the phase transitions of mesoscopic vortex
states can be directly observed by micrometer Hall mag-
netometry [2]. Characteristic vortex configurations such
as the giant vortex state (GVS) [1,3,4], the multivortex
state (MVS) [5-7], and their combinations are formed,
which are explained by the competition between the
vortex-vortex repulsion and the confinement potential.
Furthermore, sample symmetries induce unique configura-
tions such as the coexistence of an antivortex at the center
and vortices near the corners [8]. Compared with the ex-
tensive studies on static vortex states, however, there have
been very few experimental reports on vortex dynamics in
mesoscopic superconductors.

It is known that the collective motion of a vortex lattice
in large superconducting films can be controlled by an rf
current superimposed on a dc current, evidence of which is
provided by voltage steps in current-voltage (/-V) charac-
teristics, analogous to Shapiro step in weak-linked super-
conductors [9-11]. However, the dynamical control of a
single vortex has not been achieved so far. Recently, we
have reported that excess resistance much larger than the
normal-state resistance emerges near the critical field in
mesoscopic Al disks where a small number of vortices are
confined [12]. We suggested that vortex dynamics plays a
crucial role in the occurrence of excess resistance [12,13].

In this Letter, we report clear evidence of the flow
control of a single vortex in a mesoscopic superconducting
Al disk. We unambiguously observe that when a single
vortex inside the disk is driven out of the disk, another
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vortex enters the disk. Irrespective of the number of
vortices confined to the disk, only one vortex passes
through the Al disk. Our results suggests that an entering
vortex pushes out one of the vortices bound to the inside
disk in a mesoscopic superconductor.

The pattern of the sample was drawn on a SiO, substrate
by using an electron beam lithography. A 20 nm thick
Al film was deposited by evaporation of high purity Al
(99.999%) in vacuum, followed by a lift-off processing.
Scanning electron microscope (SEM) measurements con-
firmed the presence of an aluminum surface with no major
cracks or holes. We prepared a disk with a diameter of
0.7 pm, connecting with 0.1 wm wide Al leads, as illus-
trated in Fig. 1(a). The electric resistance is measured by
lock-in amplifiers at the frequency of ~20 Hz with the ac
current /,, = 50 nA down to 7 = 0.41 K. The magnetic
field was applied perpendicular to the sample plane up to
H = 1000 Oe. The I-V characteristics are measured by the
dc techniques. All the electrical leads were shielded by
low-pass filters (60 dB cutoff at 100 MHz) located near the
samples. An external rf signal with a maximum incident
power of 25 mW at the frequency of 240-880 MHz is
transmitted by a coaxial cable capacitively coupled to the
current leads. Because of the impedance mismatch with
the rf transmission line, the actual rf power applied to the
samples is much smaller than the incident power.

Figure 1(a) shows a contour plot of the resistance of a
mesoscopic Al disk. Excess resistance is observed between
the zero-resistance region and the normal state. The peri-
odic suppression of the zero-resistance region denoted by
the dotted lines is due to vorticity transitions, where the
superconducting transition temperature (7,) is rapidly re-
duced [1,13-15]. The vorticity L is the number of vortices
confined to the sample. Figures 1(b)-1(d) show the three
representative /-V characteristics. Deep inside the zero-
resistance region in Fig. 1(a), the superconductivity is
suddenly broken at about / ~9 pA and the normal state
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FIG. 1 (color online). (a) Contour plot of the resistance
measured with a low-frequency ac current (/,. = 50 nA) for a
mesoscopic Al disk of 0.7 um diameter. The dashed lines
indicate the vorticity (L) transitions in the R = O region. The
inset shows an SEM image of the sample. (b)—(d) /-V character-
istics of the disk in the absence of an rf current under various
magnetic fields at 7 = 0.8 K. The solid lines indicate the linear
dependence V = R, I, where R,, is the normal-state resistance.

is recovered, as shown in Fig. 1(b). This transition is
caused by the pair-breaking effect due to the current or
by the Joule heating effect at the contacts between the
sample and the leads. In higher fields, characteristic broad
superconducting transitions emerge, as shown in Figs. 1(c)
and 1(d), where the excess resistance at a sample voltage
larger than R,/ is evident over a wide range of current.
At T=105K and H = 136 Oe, where a single
vortex is confined to the Al disk (L = 1 state), a broad

(@) 1o [ IEea e < g ol
o~ SR
[ek]
8 §2
3 H
1 H
= 0o 1 2 3A4 5
>
= V@)
>4 - /e
f— /dc +1n L=1
2 T=1.05K
H=1360e
. f=420MHz
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
b) I (uA)
T=1.05K 1(C) V.
401 H-1360e L=1 /T 7=1.05K VRS
3.5}~ f=820MHz —# IL-I_:113609 Vo
a0 |~ f=340MHz v/ | L=
< 25
g v
< 2.0 V
15 Vo iV
1.0 Vi
05 / f
i Vh=ngof
0.0 ke L =
00 04 08 12 16 0 100 200 300 400 500 600 700 800 900
I (uA) Frequency (MHz)
(d) ,
Energy potential
vortex I
koA
- 3 i - ;
Al disk ‘
loe .k« =0 lse b+ £0

FIG. 2 (color online). (a) I-V characteristics of an Al disk with
and without a superimposed rf current (/;;) of f = 420 MHz for
L = 1. The superimposition of /; on the dc current (/) induces
equidistant voltage steps (V,,). The inset shows dI/dV vs V with
the superimposed /;;. The dashed lines indicate V,, = n¢f for
f = 420 MHz. (b) I-V characteristics of the Al disk with super-
imposed /; of f = 340 and 820 MHz. (c) Frequency (f) depen-
dence of V, (n =1, 2, 3, 4) for L = 1. The solid lines show
V, = ne¢of. (d) Schematic diagram of a single vortex in a
mesoscopic Al disk at Iy, I,y = 0 (left) and Iy, I; # O (right).
The number of times (n) that the vortex passes through the disk
within the period 1/f is controlled by the rf current. The voltage
steps appear when the flow rate is locked by the rf current.

superconducting transition (black curve) is observed
above I ~ 1.2 wA in the [-V characteristics, as shown in
Fig. 2(a). When an rf current is superimposed on the dc
current, the region of zero resistance is strongly suppressed
and periodic voltage steps V,, (n = 1, 2, 3, 4, 5) appear up
tol ~ 2 pA. The voltage steps are observed for L = 1 but
never observed for L = 0. This demonstrates that voltage
steps are closely related to the vortex flow. As shown in
Figs. 2(b) and 2(c), the voltage steps V,, depend on the
rf frequency, and have a linear frequency dependence.
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Similar voltage steps in large superconducting films can be
understood in terms of the interference between a vortex
flow and an rf current, where a large number of vortices
come into existence [9-11].

For L = 1, a single vortex is statically confined to the
disk owing to the edge barrier [16] in the absence of an
external current, as illustrated in the left figure of Fig. 2(d).
A sufficiently large current drives the vortex out of the disk
beyond the barrier. At that time, another vortex is driven
into the disk to preserve the vorticity L because the energy
levels of the L = 0 and L = 2 states are higher than that of
L = 1[14,15]. When a single vortex with the flux quantum
bo (dy = h/2e) passes through the disk, the phase differ-
ence 6 of the superconducting state between the voltage
contacts changes by 277, which generates a finite voltage
given by Josephson relation 96/dt =2 eV /h. This is
the microscopic origin of the energy dissipation due to
the vortex flow. When an rf current is superimposed, the
vortex flow rate is locked by the rf frequency, causing the
voltage steps, as illustrated in the right figure of Fig. 2(d)
[9-11]. When the single vortex passes through the disk n
times within the rf period 1/f (96/dt = 2arnf), we obtain
the voltage steps V, = n¢of (n =0,1,2,3,...), which
closely reproduces the data in Fig. 2(c) without the adjust-
ment of any parameters. The voltage steps V,, = n¢ f give
clear evidence of single-vortex flow in the mesoscopic
Al disk. The vortex flow can be regarded as a kind of
“billiards”: a billiard ball (vortex) collides with another
staying on a table (Al disk). The vortex flow rate (n) is
controlled by the amplitude of the rf current; a vortex flow
with a higher value of n becomes dominant as the rf
amplitude increases.

The I-V characteristics at various rf powers (P) for
L =1 are shown in Fig. 3(a). As the rf power increases,
the critical current (V = 0 region) is reduced but the values
of V, do not change. At P = 12.4 dBm, voltage steps
above R, are observed. The results clearly indicate that
the vortex flow resistance can exceed the normal-state
resistance, consistent with the previous reports [12,13].
Because of the sample inhomogeneity which cannot be
detected by SEM and/or the leads-disk structure, phase
slip centers (PSCs) or static superconducting-normal
(S-N) boundaries may be formed between the voltage
probes, especially near the contacts between the leads
and disk, in the vicinity of superconducting transition.
Near the PSCs and S-N boundaries, Cooper-pair or quasi-
particle charge imbalance [17] is induced, which would
increase the resistance as has been observed in the wire
samples [18,19]. In the dark region of Fig. 1(a) adjacent to
the boundary with the normal state, such Cooper-pair or
quasiparticle charge imbalance would contribute to the
excess resistance. It is known that the dynamical process
of the PSCs synchronized with the external rf current could
cause Shapiro-step-like behavior in the I-V curves [20].
However, the voltage steps are observed only for L = 1 but
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FIG. 3 (color online). (a) I-V characteristics with various rf
powers (P) for f = 420 MHz when L = 1. The dashed lines and
the dot-dashed line indicate the voltage steps and V = R, 1,
respectively. (b) I+ dependence of Al, (n =0, 1, 2, 3, 4). The
values of I; are obtained from Iy = /P, and AJ, is determined
in the voltage range of AV = *=0.05 wV at each voltage step
(inset). The solid lines are the theoretical curves calculated using
Al, = alJ,(BI¢)|, where @ = 0.45 uA and B = 21.

never observed for L = 0. This fact shows that such syn-
chronization effect of the PSCs is negligibly small for our
sample. Moreover, some additional background voltage
due to PSCs or S-N boundaries could be added to the /-V
characteristics shown in Fig. 3(a). However, such back-
ground is also quite small since the well-defined voltage
steps V,, = n¢,f are observed.

The current width A7, (n = 0, 1, 2, 3, 4) at each voltage
step is plotted as a function of /; in Fig. 3(b). The current
width can be calculated from the equation of motion for a
vortex flow with a sinusoidal potential barrier [21-23]. On
the assumption of a small potential barrier (high flow
velocity), the width is given by Al, = «|7,(BI+)|, where
J , 1s the Bessel function of the first kind of order n and «
and B are constants depending on the critical current
without I and the dc current, respectively. The solid
curves in Fig. 3(b) show the calculated results, where the
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FIG. 4 (color online). (a) I-V characteristics of the Al disk
with and without the superimposed f = 420 MHz [; for L = 1,
2, 3, and 4. Trrespective of the value of L in the Al disk, voltage
plateaus appear at n¢, f (dashed lines). (b) Illustration of vortex
billiards for the L = 4 state. The detailed configuration of the
three vortices inside the disk cannot be specified.

parameters are determined by the fitting of the A/, data.
Overall features are well reproduced by the calculation.
The agreement with the A7, data for n =0, 1 is not
satisfactory but we should note that the assumption of a
small potential barrier is not realistic for small n. An
interesting feature, a maximum of A/, for I; = 0.05, is
found, whose origin is unclear.

We measured the /-V characteristics at several different
values of L, as shown in Fig. 4(a). Irrespective of the
number of vortices confined to the disk (L =1, 2, 3, 4),
voltage plateaus appear at n¢of (n =0, 1,2,3,...). The
presence of the n = 1 step clearly shows the single-vortex
flow even for L = 2. It is very likely that only one vortex
can pass through the Al disk at the same time. The results
for L = 2 can be also well understood in terms of vortex
billiards in that an entering vortex pushes out one of the
vortices bound to the inside disk, as illustrated in Fig. 4(b).
Eventually, this process takes place n times within the rf

period irrespective of the value of L. The detailed vortex
configuration (GVS, MVS, or their combination) in the
disk cannot be specified by the present measurements.

In summary, we have first managed to control the flow
of a single vortex in a mesoscopic superconducting Al
disk, causing the voltage steps in /-V characteristics.
Irrespective of the number of vortices confined to the
disk, we unambiguously observe that when a single vortex
inside the disk is driven out of the disk, another vortex
enters the disk similarly to two balls colliding in billiards.
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