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Initially inspired by biological motors, new types of

nanodevice have been proposed for controlling the

motion of nanoparticles. Structures incorporating spatially

asymmetric potential profiles (ratchet substrates) have

been realized experimentally to manipulate vortices in

superconductors, particles in asymmetric silicon pores,

as well as charged particles through artificial pores and

arrays of optical tweezers. Using theoretical ideas, we

demonstrate experimentally how to guide flux quanta in

layered superconductors using a drive that is asymmetric

in time instead of being asymmetric in space. By

varying the time-asymmetry of the drive, we are able

experimentally to increase or decrease the density

of magnetic flux at the centre of superconducting

samples that have no spatial ratchet substrate. This

is the first ratchet without a ratchet potential. The

experimental results can be well described by numerical

simulations considering the dragging effect of two types

of vortices penetrating layered superconductors in tilted

magnetic fields.

Biological motors1,2 are anisotropic devices that, when driven
by non-equilibrium fluctuations, bias the motion of particles.
These motors have inspired novel solid-state devices (see, for

example, refs 1–23) for controlling the motion of nanoparticles,
electrons and colloidal particles, as well as for particle separation6,
smoothing atomic surfaces7, and manipulation of superconducting
magnetic flux quanta8–11. Some of these devices have been
realized experimentally to manipulate vortices12–18, particles in
asymmetric silicon pores5, as well as charged particles through
artificial pores19,20 and arrays of optical tweezers21–23. The controlled
transport of magnetic flux quanta in superconductors8–18 would
allow the realization of magnetic flux pumps, diodes and lenses to
‘sculpt’ desired magnetic profiles within a sample. There is also a
huge interest in exploiting the control of flux motion in flux qubits
for quantum computation24, as well as finding ways to remove
vortices from active (for example, superconducting quantum
interferometer devices—SQUIDs) and passive (for example, filters)
superconducting devices because they lead to large amounts of
unwanted noise.

Several novel approaches to the problem of vortex motion
control in superconductors, using asymmetric nanofabricated
pinning potentials, have been proposed8–11 and realized12–18 by
a number of groups. These new devices can be tuneable (for
example, the polarity of the magnetic flux rectifier13 can be changed
by varying the applied magnetic field and the amplitude of the
alternating current drive). However, once the devices are fabricated,
there is no way to change the asymmetric ‘ratchet potential’ that
governs their transport properties. This limits the degree of control
of the motion of flux quanta, and it would be very desirable to have
a much more malleable and adjustable device concept.

Inspired by on-going experiments on the transport of K and
Rb ions in ion channels25, particles of different sizes in asymmetric
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Figure 1 Introduction to the operation of the ratchet device. a,b, Schematic
diagrams of the vortex lens operation: a, the slowly driven JVs, shown by the green
horizontal cylinders, drag vertical PV stacks, shown in red, towards the sample’s
centre. b, JVs moving quickly towards the sample’s edges leave behind PVs.
c–e, The shape of the pulses used in the experiments and simulations for the
a.c.-driven lensing mode: c, conditioning triangular waveform (symmetric) to
equilibrate PVs, d, pump and e, antipump asymmetric sawtooth waveforms. Here
the superscript off refers to offset, c to conditioning and r to ratchet.

silicon pores5 and interpenetrating lattices of different vortices26–32,
a technique to control tiny particles in binary mixtures has been
proposed33,34. Remarkably, this particle motion control can be
achieved using periodic time-asymmetric drives in samples with
no ratchet substrate. When one of the components of the binary
mixture is driven, the moving particles drag along the other
non-driven component, interacting with it. A time-asymmetric
a.c.-drive (as opposed to a time-symmetric a.c.-drive and spatially
asymmetric substrate in ‘conventional’ ratchet devices) produces
a net d.c. motion of both components of the binary mixture,
which can be tuned by means of the time-dependence and time-
asymmetry of the drive (see for example, movies of ref. 35). The
device acts like a ratchet, but it has no ratchet potential energy.
We present the first experimental demonstration of the tuneable
control of the motion of magnetic flux quanta without spatially
asymmetric substrates. Our approach can be readily extended to
many other types of binary mixture (for example, colloids21–23).

d fe

a b c

H|| = 0 H|| = 44 Oe H|| = 55 Oe

H|| = 12 Oe H|| = 28 Oe H|| = 33 Oe

Figure 2 Experimental scanning Hall probe images of dragging/brushing of PVs
by JV stacks. a–c, Trapping of PVs (white spots) onto chains by JVs (not visible),
and subsequent dragging of PVs by moving JVs as H‖ is systematically increased
from 0 to 55 Oe. The sample was initially field cooled to T= 81 K in Hz ∼ 1.5 Oe
(scan sizes ∼ 27 μm×27 μm). d–f, ‘Brushing’ of PVs by moving JVs at high PV
densities as H‖ is varied between 0 and 33 Oe. T= 77 K, Hz = 10 Oe (scan sizes
∼13 μm×13 μm). The arrows indicate the direction of JV motion.

It has been recognized33 that this new ratchet concept can be
implemented experimentally in layered superconductors such as
Bi2Sr2CaCu2O8+δ (Bi2212). In this system, direct visualization26–29,
as well as magnetic30,31 and transport32 measurements, clearly
show that a magnetic field, tilted away from the high-symmetry
crystalline c-axis, penetrates the sample as two perpendicular
vortex arrays, known as ‘crossing’ vortex lattices36–38. One vortex
sublattice consists of stacks of pancake vortices (PVs) aligned along
the c axis, whereas the other is formed by Josephson vortices (JVs)
confined between CuO2 layers (Fig. 1a,b). It was predicted37,38 that
JVs attract PVs, and this PV–JV interaction has been experimentally
observed26–29 through the formation of PV chains on top of JVs.
Sensitive a.c. measurements39 have also verified the existence of
dragging interactions between JVs and PVs. JVs are usually very
weakly pinned and can be easily driven by changing either the
in-plane magnetic field, H‖, or applying an electrical current, Jz ,
flowing along the c-axis. Time-asymmetrically driven JVs can drag
along PVs, resulting in a net motion of the PVs. It was shown33

that this common JV–PV motion could be used to develop vortex-
pumps, vortex-diodes and vortex-lenses. The vortex lens operation
is illustrated schematically in Fig. 1a,b.

D.C.-DRIVEN LENSING

The simplest possible operation mode consists of slowly increasing
the in-plane field, H‖, from 0 to Hmax

‖ for a fixed value of the out-of-
plane magnetic field, Hz . The increasing in-plane field slowly drives
JVs from the edges to the middle of the sample. In turn, JVs drag
PVs along with them towards the sample’s centre. As a result, PVs
accumulate in the middle of this magnetic ‘lens’. Figure 2a–c shows
a set of experimental images of the dragging of PVs by JVs at a low
out-of-plane field, Hz ∼ 1.5 Oe. At such low PV densities, all of the
PVs are first trapped on JV stacks and then dragged towards the
sample’s centre. Figure 2d–f illustrates PV ‘brushing’ for a higher
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Figure 3 Results of d.c. lensing. a, Schematic diagram of the Hall probe array beneath the sample. The grey box indicates the position of the Bi2212 crystal. b, The
experimental setup to separately control the in-plane, H‖, and the out-of-plane, Hz , magnetic fields. c, A characteristic ‘butterfly’ loop for the lensing efficiency in d.c.-driven
lensing mode at T= 77 K and Hz = 5.3 Oe. Bz0 = Bz (H‖ = 0). d, Results of simulations of d.c.-driven lensing. (1)–(5) schematically show vortex distributions at different
points on the �Bz (H‖ ) butterfly loop for an idealized situation where we consider transport of PVs by only two JV rows. (1) Two blue JV rows start moving towards the
sample’s centre, compressing 13 PVs. (2) All 13 PVs remain trapped on or between JVs, resulting in an increase of PV density at the sample’s centre. Notice that four new PVs
have now entered at the sample edges. (3) Additional movement of the JVs towards the centre results in further compression of the PVs. However, PV–PV repulsion now
causes PVs to spill out across JVs and only 7 of the original 13 PVs remain trapped. (4) When H‖ decreases, JVs move towards the sample edges, pushing the PVs located
close to the surface out of the sample; hence only the remaining 7 PVs trapped between the JVs contribute to the central PV density. (5) At the position of the overshoot for
decreasing H‖, only 7 PVs (instead of the initial 13 PVs) remain in the sample, and anti-lensing is observed. Further reduction of H‖ results in all JVs leaving the sample,
deficit PVs can re-enter and the original PV density is restored.

out-of-plane field, Hz ∼ 10 Oe, which is closer to the situation
when the strongest lensing effects are observed. At these high PV
densities, JV traps become saturated and free PVs exist between
them. Moving JVs now ‘brush’ free PVs in their direction of motion,
giving rise to a higher density ahead of them and a lower density
behind them (see also the movies of ref. 35).

A.C.-DRIVEN LENSING

When a superposition of d.c. and time-asymmetric a.c. (compare
Fig. 1d,e) in-plane magnetic fields is applied, H‖(t) = Hd.c.

‖ +
Ha.c.

‖ (t), the JVs are asymmetrically pushed in and pulled out of the
sample. If the a.c. component of H‖ increases slowly, the PV stacks
remain trapped on JVs, and both move together towards the centre
of the lens (Fig. 1a). If, on the way back, Ha.c.

‖ decreases rapidly
(Fig. 1d, pump sawtooth waveform), the JVs leave the PVs behind
them (Fig. 1b). Asymmetrically cycling Ha.c.

‖ causes either pumping
(focusing) or antipumping (defocusing) of PVs at the centre of the
lens35. An important advantage of such an a.c.-driven vortex lens is

that switching between ‘convex’ and ‘concave’ PV ‘magnetic lenses’
can be easily achieved by changing the asymmetry of the applied
a.c. field, for example, by using a time-reversed sawtooth waveform
(for example Fig. 1e).

EXPERIMENTAL RESULTS FOR D.C. AND ASYMMETRIC A.C. LENSING
MODES

Our vortex lensing experiments were carried out on an as-grown
Bi2212 superconducting single crystal (transition temperature
Tc

∼= 91 K, size ∼ 1 mm × 0.75 mm × 50 μm). The changes in
magnetic induction, arising from PV lensing/anti-lensing, were
detected using one centrally placed (with respect to the Bi2212
crystal) element of a 25 μm wire-width micro-Hall probe array,
patterned in a GaAs/AlGaAs 2D electron gas (Fig. 3a). The in-
plane, H‖, and out-of-plane, Hz , magnetic field components were
varied independently using a Helmholtz coil pair, precisely aligned
to the a–b crystallographic planes of the crystal, and a solenoid,
respectively (Fig. 3b).
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Figure 4 Time dependence of the a.c.-driven ratchet device. The curves show
the measured percentage change of the magnetic induction (PV density) at the
sample’s centre, when applying an initial ‘conditioning’ signal followed by
pumping/antipumping time-asymmetric drives. The conditioned PV density
increases (decreases) during several cycles of the pumping (antipumping) drive and
then saturates. As soon as the drive is switched off, the PV density starts to relax
from the non-equilibrium pumping (antipumping) state towards an equilibrium state.

We carried out measurements for both d.c.-driven modes and
asymmetric a.c.-driven modes of vortex lens operation. Initially,
a fixed PV density was established in our crystal by field cooling
from above Tc in a known value of the out-of-plane field, Hz . In
the d.c.-mode, the in-plane magnetic field, H‖, was then slowly
(1.7 Oe s−1) cycled a few times until a steady-state loop was
obtained. During each cycle, H‖ was ramped up to a maximum
of 150 Oe, then down to a minimum of −150 Oe and back to
zero, while the sensor Hall voltage was monitored to measure
the magnetic induction at the centre of the sample. Figure 3c
shows lensing data at 77 K, for an out-of-plane magnetic field,
Hz = 5.3 Oe, when the lensing efficiency (defined by the overall
percentage change of the PV density at the sample’s centre, κ =
{[max(Bcentre

z ) − min(Bcentre
z )]/Bcentre

z (H‖ = 0)} × 100%) reaches a
maximum of about 37% for this temperature. Here, Bcentre

z is the
out-of-plane magnetic induction at the centre of the crystal. The
d.c.-driven lensing mode exhibits a butterfly shape comprising:
(1) a fast increase of PV density at the centre when H‖ increases
from zero, followed by a weaker (saturation-like) dependence
of Bcentre

z (H‖); (2) a rapid reduction of Bcentre
z (H‖) when H‖

decreases from its maximum value, followed by a remarkable
anti-lensing (an overshoot in the reduction of PV density) effect,
Bcentre

z (H‖ > 0) < Bcentre
z (H‖ =0). We note that this ‘overshoot’ effect

is not seen for low out-of-plane magnetic fields (Hz < 2 Oe) when
all PVs are trapped at JVs. At higher values of Hz , JV traps become
saturated and free PVs exist between chains (the so-called mixed
chains plus lattice state). The overshoot effect is clearly correlated
with the presence of these free PVs, and has been systematically
observed for Hz > 2 Oe at Hall elements in different locations over
a wide temperature range.

In order to realize the asymmetric a.c.-driven mode for the
vortex lens, the following steps were carried out. (1) The sample
was cooled in fixed Hz at H‖ = 0; (2) a d.c. offset value of the
in-plane field, Hoff

‖ , was applied; (3) a ‘conditioning’ triangular
wave (see Fig. 1c) was run for 4 min to equilibrate the PV system;
(4) a time-asymmetric a.c. drive, with an average value of zero
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Figure 5 Investigations of lensing efficiency. The dependence of the
lensing amplitude on a, the frequency of the ratchet signal
(H off

‖ = 80 Oe,H r
‖ (1 Hz) = 80 Oe,Hz = 5.3 Oe) and b, the applied out-of-plane field,

Hz (H off
‖ = 80 Oe,H r

‖ = 80 Oe, f= 7 Hz), at different temperatures. Both
dependencies exhibit pronounced maxima allowing the lensing efficiency to a
desirable value. Superscript pump (a′pump) refers to pumping (antipumping). The
error bars predominantly reflect the average fluctuation amplitude in the measured
magnetic induction during pumping/anti-pumping of the vortex system (see Fig. 4).

(Fig. 1d,e) was switched on for 4 min. The magnetic induction,
Bcentre

z , was then monitored in real time starting from step (3)
at a centrally located Hall element. The data from one such
measurement is presented in Fig. 4. The initial rapid transients
(see Fig. 4), as the conditioning waveform is switched on at t = 0,
are due to equilibration of the PV system from non-equilibrium
states generated in previous ratchet experiments. As soon as the
asymmetric pumping (antipumping) signal is switched on, the
density of PVs (Bcentre

z /Φ0, where Φ0 is the quantum of magnetic
flux) starts to increase (decrease) in the centre of the vortex
lens with respect to the PV density produced after application
of only the conditioning signal (Bcentre

z (conditioning)/Φ0). After
several cycles of the asymmetric sawtooth in-plane magnetic field,
the PV density reaches a steady-state value for both pumping
(Bcentre

z (pumping)/Φ0) and antipumping (Bcentre
z (antipumping)/Φ0)

regimes, respectively (Fig. 4). We stress that these steady pumping
(antipumping) states are essentially non-equilibrium ones, because
they relax towards close states as soon as the time-asymmetric drive
is switched off (Fig. 4). Hence, we experimentally show how to
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Figure 6 The simulated asymmetrically a.c.-driven vortex lens. a, The
dependence of the out-of-plane magnetic induction at the centre of the sample,
B centre
z , on the cycle number when conditioning and pumping/antipumping drives are

applied. b, Pumping amplitude versus the out-of-plane magnetic field, Hz . In both
experiments and simulations the pumping efficiency exhibits pronounced maxima as
a function of Hz .

control the out-of-equilibrium vortex transport. Such control of
the motion of vortices (or other tiny particles) is the ultimate goal
of ratchet devices1–23.

The two main advantages of the transport control developed
here over previous proposals (for example, refs 8–18) are (1) the
possibility to guide particles with no tailored spatial asymmetry and
(2) the tuning of the motion of tiny particles by simply changing the
time-dependence of the externally applied drive. The first feature
allows us to avoid expensive and cumbersome nanofabrication
processing. The second property becomes very important if we
want to frequently change the transport properties of a device,
something which is generally much more complicated or even
impossible in standard ratchet devices.

TUNEABILITY OF THE VORTEX LENS USING AN ASYMMETRIC A.C. DRIVE

A simple switch from the pumping to the time-reversed anti-
pumping sawtooth H‖ waveform results in a change from PV
focusing to defocusing at the centre of the sample. As was predicted
theoretically33,34, the focusing efficiency can also easily be controlled
by changing either the frequency of the drive, f , (Fig. 5a) or the PV
density, by means of the out-of-plane magnetic field component,
Hz (Fig. 5b). Note that both of these two ‘knobs’ (tuning the
frequency of the applied drive or the particle density) are common
to other realizations of these ratchets, including mixtures of ions
in ion channels25 and particles of different sizes in silicon pores5.
Moreover, varying the temperature changes the interaction between
PVs and JVs, which also influences the lensing effect and can
provide additional degrees of controllability.

The frequency dependence (Fig. 5a) of the non-equilibrium
pumping (antipumping) can be qualitatively understood using
general arguments. For low frequencies, the effect should be small
because the repetition rate is low, and the PV density has enough
time to reach its equilibrium value during both ‘slow’ and ‘fast’
changes of the time-asymmetric drive. PVs adiabatically move back
and forth without accumulation in the sample’s centre. For very

high frequencies, the vortex system cannot follow the drive, even
during relatively ‘slow’ changes of the in-plane field, H‖. Thus,
the PVs just ignore the fast magnetic-field oscillations, and again
settle in an equilibrium state. Assuming an analytical behaviour
of the lensing efficiency for low and high frequencies, it should be
proportional to f and 1/f , when f → 0 and f → ∞, respectively.
In addition, the leakage of PVs parallel to JVs could suppress the
ratchet effect at low frequencies. Suppression at high frequency
depends on the ratio of (1) the strength of the interaction between
PVs and JVs divided by (2) the PV viscosity, which slows down
the transport of PVs by JVs. The interaction between JVs and PVs
depends nonlinearly on the JV velocity in a complex way. Hence
this ratio depends on several parameters, and cannot be easily
estimated. The maximum lensing efficiency occurs when the PVs
adiabatically follow the slow changes of H‖ but cannot follow the
fast changes. The maximum of the lensing efficiency as Hz is varied
(Fig. 5b), can also be understood noting that the interaction of
JVs and PVs, and thus the dragging effect, becomes negligible with
respect to PV–PV repulsive interactions at high PV densities (high
Hz). For low Hz , the decreasing PV density, and the domination of
PV pinning over the JV–PV interaction, diminish the lensing effect.
Thus, there should be an optimal out-of-plane field, Hz , for the
operation of the vortex lens.

NUMERICAL SIMULATIONS

The minimum model to simulate the observed lensing effect
describes the overdamped dynamics of JV and PV rows within a set
of coupled equations of motion: γηJ(dxJ

i/dt)/aJ = f JJ
i + f JH

i + f JP
i

and ηP(dxP
k /dt)/aP = f PP

k + f PH
k + f PJ

k , where xJ
i and xP

k are the
positions of JV and PV rows with aJ/γ and aP the distances between
JVs and PVs in a row, respectively. Here, γ is the anisotropy
parameter, and the JV and PV viscosities are ηJ and ηP. The viscous
forces (all forces per unit area) slowing down the vortex motion
are balanced by: (1) the repulsive force f JJ between vertical JV
rows (including images of rows with respect to the sample surface);
(2) the interaction f JH of JV rows with Meissner currents generated
by the externally applied time-dependent magnetic field, H‖(t);
(3) the repulsion f PP between rows of PV stacks (including images);
(4) the interaction f PH of PV rows with the c-axis magnetic field,
Hz ; and (5) the attractive forces f JP and f PJ between rows of JVs and
PVs. Within our 1D model, PVs do not move parallel to JVs. Thus,
this model describes weak (with respect to the JV–PV interaction)
bulk pinning plus surface pinning, prohibiting the escape of PVs
along the JVs.

COMPARISON THEORY–EXPERIMENT

Molecular dynamics simulations were carried out for both d.c.
and a.c. lensing modes. Following experiments for the d.c.-driven
mode, H‖ increases from zero to Hmax

‖ and then decreases back
to zero over the same period of time, after which the same half-
cycle is repeated for negative fields. The simulated ‘butterfly’ loop
for the PV density at the centre of the sample shows the same
features that were observed in experiments (compare Fig. 3c and d)
and can be easily interpreted: (1) Bcentre

z first increases with H‖ on
the rising branch of the loop as JVs move towards the centre of
the sample, dragging PVs with them (Fig. 2a–f). This is consistent
with theoretical predictions33; (2) at a certain in-plane field, Bcentre

z

saturates and even starts to decrease. The PV density at the centre
is now large enough that the enhanced PV–PV repulsion starts to
oppose any additional lensing. (In the experiments, the decrease
of Bcentre

z was not clearly observed on the rising branch of the loop
because of limits on the maximum possible in-plane field.) At
this point JVs start cutting freely through PV stacks; (3) once the
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in-plane sweep direction is reversed, the additional PV–PV
‘pressure’ now acts in the same direction as the JV dragging
force, and a rapid decompression of the PV system takes place. At
large values of Hz , this even causes the system to overshoot and
reduce the PV density below its starting value. This gives rise to
a remarkable anti-lensing effect, Bcentre

z (H‖ > 0) < Bcentre
z (H‖ = 0),

which is seen in both experiments and simulations within a certain
interval 0 < H‖ < H∗

‖ of the in-plane field. A more detailed study
of the d.c. lensing mode, including the distribution of PVs in
the sample, shows excellent qualitative agreement between the
experimental data and simulations.

In order to better understand the time-asymmetric a.c.-driven
effect, we simulate the experimental sequence of steps: (1) first
applying an offset in-plane field, (2) followed by a conditioning
(symmetric triangular) drive (Fig. 1c) and finally (3) an asymmetric
sawtooth a.c. drive (Fig. 1d,e). The result of these simulations is
an increase of Bcentre

z for the pump sawtooth and a decrease for
the antipump sawtooth, as illustrated in Fig. 6a, and in excellent
agreement with experiments and theoretical predictions33. In the
focusing mode, (Bpump

z –Bcond
z ) exhibits a pronounced maximum as

a function of Hz (Fig. 6b) and frequency (not shown), also in
agreement with experimental findings.

METHODS

EXPERIMENTAL

Experiments were carried out on an as-grown Bi2212 single crystal prepared by
the travelling floating zone technique40. The 13-element Hall array (Fig. 3a)
was based on the intersection of 25-μm-wide ‘wires’ patterned in a
GaAs/AlGaAs heterostructure41. All of the measurements described here were
made on an element that was centrally positioned under the Bi2212 crystal.
This was driven by a 45 μA 300 Hz a.c. current and the Hall voltage was
detected with a lock-in amplifier.

The in-plane field, H‖, must be precisely aligned with the Bi2212 a–b
planes. For an applied magnetic field at an angle θ to these (for
γ < 1.95l(T)/s, where γ is the anisotropy parameter and s the CuO2 layer
separation) a sharp ‘lock-in’ feature is predicted42 for θ ≤ s/l(T),
corresponding to complete screening of Hz . This is clearly observed in our Hall
data, and exploited to align a pair of Helmholtz coils that generate in-plane
fields. One of these coils is fixed at the height of the sample, and the other is free
to move up or down on a micrometer-driven stage. The locus of values of
in-plane lock-in field as a function of height of this moving coil is used to infer
the perfect alignment position within ±0.006◦ of the a–b planes.

The d.c.-mode lensing data were captured by slowly ramping the in-plane
field, H‖, (ramp rate = 1.7 G s−1) up to a maximum of 150 Oe, then down to a
minimum of −150 Oe and back to zero. The first trace obtained in this way
shows a pronounced asymmetry because it starts from the virgin field-cooled
state. Figure 3c in this paper corresponds to ‘work hardened’ data, after several
full field cycles had been completed, which show a high degree of symmetry.

In a.c.-driven measurements, the slope of the rapidly changing part of the
sawtooth field was governed by the inductive response of the Helmholtz coil
pair (dH‖/dt(fast) ∼ ±H r

‖R/L, where R = 8 � and L = 24 mH are the
resistance and inductance of the coil pair, and r refers to ratchet). The slope of
the slowly changing part increased approximately linearly with frequency, f , as
dH‖/dt(slow) ∼ ±H r

‖ f . The H‖-drive amplitude in Fig. 5a was set at f = 1 Hz,
and decreased slightly with increasing frequency (∼20% from 1 to 20 Hz) due
to the finite characteristic response time of the coil pair (L/R ∼ 3 ms).

A protocol was developed to equilibrate the PV system after each ratchet
experiment. Avraham et al.43 showed that the PV system in Bi2212 single
crystals is effectively equilibrated by ‘dithering’ with an 80 Oe, 1 kHz a.c.
in-plane field. We find that a symmetric (in time) triangular wave (Hc

‖ = 32 Oe,
where c refers to conditioning, f = 10 Hz) is most effective in our field and
temperature regime.

The lensing amplitude in Fig. 5 drops to virtually zero above T = 84 K,
which is well below Tc

∼= 91 K in a regime where the JV–PV interaction strength
is only very weakly temperature dependent37. We note that efficient lensing
actually requires finite pinning (bulk pinning will drop rapidly at high
temperatures) as JV stacks only represent one-dimensional traps for PVs, which
must be prevented from escaping focus regions laterally parallel to JVs.

MOLECULAR DYNAMICS MODEL

The interaction between vortex rows decays exponentially for both PVs and
JVs: f JJ

i τaJ/(γDηJ) = (aPβ/aJ)
∑

jsgn[xJ
i −xJ

j ]exp[−|xJ
i −

xJ
j |/lc], f PP

k τaP/DηP = ∑
jsgn[xP

k −xP
j ]exp[−|xP

k −xP
j |/lab], where the

interaction lengths are the in-plane lab and c-axis lc penetration lengths, and
β = ηP/γηJ is the relative viscosity. We normalize all of the distances by the
half-width of the sample D, and all time scales by τ = 16πl2

ab aPηPD/Φ2
0 . The

distances between PV and JV rows are related to the c-axis Hz and in-plane H‖
magnetic field components as aP ≈ (Φ0/Hz )

1/2 and aJ ≈ (γΦ0/H‖)1/2. The
interaction with the Meissner current decays exponentially on the scales lc and
lab from the surface (x = ±1) of the sample, for JVs and PVs, respectively. The
corresponding forces can be modelled44 as
f JH
i τaJ/γDηJ = −(2lc aPβ/(aJ)2)sinh[xJ

i/lc]/cosh[D/lc] and
f PH
k τaP/DηP = −(2lab/aP)sinh[xP

k /lab]/cosh[D/lab]. The simplest way
to estimate the JV–PV attraction is to introduce an ‘effective’ potential33.
This results in the following forces
f JP
i τaJ/γDηJ = [(lab)

2ββ1/(aJ)2]∑ksgn[xP
k −xJ

i]exp[−4π|xP
k −xJ

i |/aJ],
and f PJ

k τaP/DηP = [(lab)
2aPβ1/(aJ)3]∑isgn[xJ

i −xP
k ]exp[−4π|xP

k −xJ
i |/aJ],

where the parameter β1 ≈ 16π2/ ln{1+[(lc/aJ)2 +1]/[(lab/aP)2 +1]} is
related to the tilt elasticity of PV stacks. Our experiments usually involve several
thousand PV rows, which are hard to simulate, even using the proposed simple
model. To avoid this problem we have generally simulated about one hundred
PV rows and used appropriately rescaled model parameters: β = 2, β1 = 0.2,
lab = 0.006, lc = 0.1 and the duration of the fast changes of the in-plane field
was 100 times shorter than that of the slow changes. The excellent qualitative
agreement between the experimental data and simulations justifies all of the
approximations used.
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