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Controlled multiple reversals of a ratchet effect
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A single particle confined in an asymmetric potential demon-
strates an anticipated ratchet effect by drifting along the ‘easy’
ratchet direction when subjected to non-equilibrium fluctu-
ations1–3. This well-known effect can, however, be dramatically
changed if the potential captures several interacting particles.
Here we demonstrate that the inter-particle interactions in a chain
of repelling particles captured by a ratchet potential can, in a
controllable way, lead to multiple drift reversals, with the drift
sign alternating from positive to negative as the number of
particles per ratchet period changes from odd to even. To demon-
strate experimentally the validity of this very general prediction,
we performed transport measurements on a.c.-driven vortices
trapped in a superconductor by an array of nanometre-scale
asymmetric traps. We found that the direction of the vortex
drift does undergo multiple reversals as the vortex density is
increased, in excellent agreement with themodel predictions. This
drastic change in the drift behaviour between single- and multi-
particle systems can shed some light on the different behaviour of
ratchets and biomembranes4 in two drift regimes: diluted (single
particles) and concentrated (interacting particles).

Contrary to what intuition could perhaps tell us, particles in a
ratchet potential can, under special conditions, move preferentially
along the direction where the potential barriers are steeper, that is,
along the ‘hard’ direction. This effect can be crucial in the design of
artificial ratchet-based devices capable of shuttling or separating—
for instance, colloidal suspensions5 and DNA molecules6. In theory,
an inversion in the drift direction of a single-particle brownian
ratchet is predicted to occur for non-zero thermal noise when the
excitation frequency exceeds a certain critical value, which is usually
high and very sensitive to the model parameters7. In a system of many
weakly interacting particles, this effect can, however, be strongly
reduced when the particle density is increased8. Drift inversions have
also been observed in mixtures of interacting brownian particles9 and
in chaotic underdamped ratchets at zero thermal noise10. Here we
show that, in a system of strongly interacting particles in a ratchet
potential, the drift direction undergoes controllable multiple sign
inversions as a function of particle density. These inversions do not
require thermal or chaotic noise, or high excitation frequencies or a
mixture of particles. Rather, they are ruled deterministically by the
internal degrees of freedom of the system, providing a simple way to
tune the drift direction of ratchet devices.

We consider a one-dimensional (1D) system of particles interact-
ing via the pair potential V intðrÞ ¼2E0lnðrÞ; with r the pair separ-
ation and E0 the relevant energy scale, in the double-well ratchet
potential

UpðxÞ ¼2Up1e2sin2ðpxÞ=2 sin2ðpRÞ 2Up2e2sin2ðpðx2dÞÞ=2 sin2ðpRÞ ð1Þ

where Up1 and Up2 determine the depth of the stronger and weaker
wells, respectively, which are separated by a distance d ¼ 0.36 and
have width R ¼ 0.15, and x is the position. All lengths are in units of
the ratchet period a. The dynamics of the chain is studied by

molecular dynamics simulations of the Langevin equations,

m€xi ¼2h_xi 2
j

X
7V intðxi 2 xjÞ27UpðxÞ þ FþGi ð2Þ

where m is the mass of the particles, h the friction coefficient, F the
external drive, and G i the gaussian thermal noise11. Hereafter we
adoptm ¼ 1 and h ¼ 16, which corresponds to strongly overdamped
dynamics.

Figure 1a shows density plots of the effective asymmetry in the
critical forces for drifting the particles to the positive (F cþ) and to the
negative (F c2) direction, a eff ¼ 1 2 F cþ/F c2. The sign of a eff

determines the preferential drift direction—positive (‘easy’) direc-
tion for a eff . 0 and negative (‘hard’) direction for a eff , 0—
whereas its magnitude is a measure of the ratchet efficiency. The
plots are presented in the Ũp1–b plane (Ũp1 ¼ Up1/E0 determines
the potential strength relative to inter-particle interactions and
b ¼ Up1/Up2 determines the potential asymmetry) for occupation
number n ¼ 1, 2, 3 and 4 particles per ratchet period and for zero
noise (T ¼ 0). For n ¼ 1 the particles are more easily driven to the
usual positive direction (a eff . 0) and, except for Ũp1 , 1 (where
the potential cannot trap the chain effectively), a eff varies only with
b. However, for n . 1, a eff has a much richer dependence on the
ratchet potential parameters, assuming either positive or negative
values with comparable intensity. Particularly, there is a large region
of the phase diagrams (b . 0.56 and moderate pinning strengths)
where a eff is always positive for odd n and negative for even n. In this
region, particles distribute evenly between the weak and strong
pinning sites for even n, whereas for odd n the strong traps capture
one particle more than the weak ones (Fig. 1b).

A simple way to understand this interesting effect is to consider
each local well in a ratchet period as being characterized by the
effective energies E1 (‘strong’ well) and E2 (‘weak’ well). For n ¼ 0,
the strong trap yields a lower energy than the weak one
(E1(0) , E2(0)). For n ¼ 1, the particle occupies the strong well,
raising its effective energy enough to surpass the energy of the
(empty) trap 2 (E1(1) . E2(0)). A second particle will find a stable
position at trap 2, then raising its energy above E1(E1(1) , E2(1)).
By increasing n even further, the rise in the effective energies proceeds
following a brick-wall tiling pattern, with the particles populating each
trap alternately. Thus, for n even, there is necessarily a smaller energy
input required to move one particle from trap 2 (across the small inner
energy barrier) to trap 1 (as E1(n1) , E2(n2 ¼ n1)), whereas for odd
n a transition from 1 to 2 is favoured (as E1(n1) . E2(n2 ¼ n1 2 1)).
Particles that are the closest to the inner energy barrier are the natural
candidates to undergo such transitions. In this sense, these particles
are the most weakly pinned ones.

As a first demonstration of the ratchet mechanism in this system,
we excite the particles with an a.c. square-wave drive with an
amplitude just above the threshold force (defined as Fthresh ¼
minðFcþ;Fc2Þ) of the corresponding chain and a very low frequency
(adiabatic drive). As illustrated in Fig. 1c, the motion of the weakly
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pinned particle across the inner energy barrier triggers the whole
ratchet mechanism (see also the Supplementary Videos). After
transition, this particle ‘overpopulates’ the target well, which then
releases another particle to the next ratchet period. When the drive
inverts its sign, no motion is detected. This produces a net rectified
motion with positive direction for odd n and negative direction for
even n. To study in more detail the dependence of rectification on n,
we calculated the net velocity of the chain as a function of n and Ũp1

for a constant sinusoidal a.c. bias (Fig. 2). The result demonstrates
remarkable sign reversals every time n approaches an integer value.
We have also tested these predictions for the well-known double-sine
potential7 (sketches of this and the double-well potentials are
provided in Supplementary Fig. S1). In a large range of the potential
parameters multiple reversals were also observed (compare Sup-
plementary Fig. S2). To evaluate further the generality of our
findings, we performed similar calculations for other friction values

Figure 1 | Effective asymmetry and schematic demonstration of the ratchet
mechanism. a, Density plots of the effective asymmetry aeff ¼ 1 2 Fcþ/
F c2 as a function of the ratchet parameters Ũp1 ¼ Up1/E0 and b ¼ Up2/Up1

(,1) for n ¼ 1 to 4 (see text for details). The potential has oneminimumper
period for b , 0.56 and two local minima per period for b . 0.56. We
forced white shading for a eff ¼ 0 to enhance the contrast between the
positive and negative drift phases. The critical forces F cþ and F c2 were
obtained by varying the driving force quasi-statically to the positive and
negative directions respectively and assuming as a criterion for macroscopic
drift that all particles travel a distance of at least one ratchet period. b,
Diagram of the equilibrium configurations for n ¼ 1 to 4 obtained by
annealing the chain down to zero temperature with Up1/E0 ¼ 3.2 and
Up2 ¼ 0.9Up1, which generates a double-well ratchet potential (green
curves). The relative characteristic energies of each pinning well (the energy

of a well plus the energy of the trapped vortices) and their respective
occupancies are schematically represented. Owing to the excess in energy,
one particle in a higher-energy trap is ‘looser’ than the others. Such particle
(marked in red) is the most favourable for performing a transition (black
arrows) through the inner energy barrier. c, Schematic demonstration of the
ratchet mechanism when the chain is excited by an a.c. square-wave force
with an amplitude just above the threshold force. Red arrows indicate the
force direction. Yellow backgrounds highlight macroscopic motion of the
chain in the corresponding drive direction, whereas white backgrounds
indicate that the chain is at rest (pinned). The macroscopic drift is triggered
by a transition of the most weakly pinned particle to the next available
pinning site, as indicated in b. In sequence, one particle in this site is
knocked out to the next ratchet period (as indicated by the black arrows),
starting up motion of the whole chain.

Figure 2 |Net drift velocity of the chain as a function of occupation number
and pinning strength. The chain was adiabatically excited with a sinusoidal
forcing of amplitude Fac ¼ 3E0/a and frequency f ¼ 5 £ 1027 m/h at zero
thermal noise (here a is the ratchet period,m is the particle mass, and h is the
friction coefficient). The simulation cell comprises 12 periods of the double-
well ratchet potential (Up1/E0 ¼ 3.2 and Up2 ¼ 0.9Up1) with periodic
boundary conditions. The Up1/E0 axis is presented in decreasing order for
further comparison with Fig. 3c. The white areas may correspond to a
pinned phase, where particles just oscillate inside the traps, or a symmetric
moving phase. Also indicated are the ratchet phases exhibiting multiple sign
inversions. The chain is rectified with maximum efficiency at integer and
half-integer occupation numbers.
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down to h ¼ 2, which corresponds to the (regular) underdamped
regime. In general, the results are very similar to those presented in
Figs 1 and 2.

To test these predictions experimentally, we performed transport
measurements of a.c.-driven vortices in a nanostructured super-
conducting film with an array of asymmetrical pinning sites. Vortices
are whirlpools of current carrying one quantum of magnetic flux
(F0 ¼ 2.07 £ 10215 Wb) that repel each other and are attracted by
microholes (termed antidots) in a superconductor12. The vortex

density can be varied continuously by applying an external magnetic
field H and, as shown in Fig. 3a, their dynamics can be probed by
measuring the voltage–current characteristics of the sample. Our
sample is an Al film (with critical temperature T c ¼ 1.437 K)
patterned by electron-beam lithography with a square array (with
period ap ¼ 1.5 mm) of neighbouring big and small antidots placed
close to each other, thus generating an asymmetric double-well
vortex trap with broken symmetry along the y direction only
(Fig. 3b). As we have recently demonstrated, such a configuration
provides efficient rectification of vortex motion at low fields13,14.

Our experiment is carried out as follows: an oscillating driving
force (generated by a sinusoidal transverse electrical current) is
applied along the direction of broken symmetry, and the vortex
motion in this direction is probed by measuring the transverse
voltage (Fig. 3a). A phase diagram of vortex motion was obtained
by detailed measurements of the root-mean-square and d.c. voltages
(Vrms and Vdc respectively) across the sample (Fig. 3c). In the pinned
vortex solid (PVS) phase, the applied current is not high enough to
drive vortices out of their equilibrium positions. At some vortex
densities (rational multiples of the first matching field, H1 ¼ F0/
ap

2 ¼ 0.92 mT, where the number of vortices matches the number of
double-traps), vortices assemble in a very stable lattice commensurate
with the pinning array15,16. These special configurations enhance the
critical current, producing the sharp re-entrances of the PVS phase at
integer and half-integer matching fields. The moving vortex phase is
dominated by ratchet dynamics exhibiting multiple drift reversals.
From the first up to the fifth matching fields, the direction of net vortex
motion changes its sign alternately, resembling the sign inversions of

Figure 3 | Sample geometry and phase diagram of the vortex ratchet
effect. a, The external magnetic field H generates a certain vortex
distribution in the film. Avortex (shown schematically out of scale) is driven
along the y direction by a Lorentz force FL ¼ (J £ n)F0d generated by an
electrical current density J applied in the x direction (n is the normalized
vortex circulation, parallel to H). If FL is strong enough, vortices start
moving along the drive with mean velocity v generating a voltage drop
V ¼ L(v £ H)zêx across a distance L. b, Atomic force micrograph of the
double-antidot array (with period ap ¼ 1.5 mm). The big and small antidots
are 600 £ 600 nm2 and 300 £ 300 nm2 in size and separated by a 90-nm-
thick superconducting wall. Details of the sample preparation and
characteristics are given elsewhere13. The streamlines of the applied electrical
current (shown schematically) are substantially denser between antidots
than in the interstitial positions, forcing the vortices to move preferentially
along the antidot rows. As the driving Lorentz force is always perpendicular
to these lines, motion occurs along the broken symmetry (y) direction.
c, H–T dynamical phase diagram at an a.c. current I(t) ¼ Iacsin(2pft), with
Iac ¼ 438mA (Jac ¼ 3.95 £ 103A cm22) and f ¼ 1 kHz. H1 is the first
matching field and T c is the superconducting critical temperature. Between
the pinned vortex solid and normal phases (compare Fig. 4), the voltage is
dominated by vortexmotion. The green and red areas correspond to positive
and negativeVdc respectively. In the white areas, vortexmotion is symmetric
(Vdc < 0) within the experiment accuracy. Note that the rectification
mechanism is insensitive to the vortex polarity, since the interaction of
vortices or antivortices with a microhole is the same. This leads to a
symmetric net d.c. velocity, vdc(H) ¼ vdc(2H), which then results in an
antisymmetric d.c. voltage, Vdc(H) ¼ 2Vdc(2H).

Figure 4 |Magnetoresistance andmagnetic field dependence of the ratchet
effect for an a.c. bias Iac 5 438mA. a, By performing a.c.
magnetoresistance (RðHÞ ¼

ffiffiffi
2

p
V rms=Iac) measurements, we determine the

boundaries between the pinned vortex solid, moving vortices and normal
phases. When vortices start moving, R increases towards the normal state
resistance, Rn. The moving vortex phase is then bounded by the criteria
R ¼ 1025Rn, for the onset of vortex motion, and R ¼ 0.90Rn, for the
destruction of superconductivity. In b and c, the measured d.c. voltage, Vdc,
is plotted against magnetic field for several temperature values. The curves
exhibit multiple sign reversals of the d.c. voltage with maxima and minima
close to integer and half-integer matching fields.
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the chain drift in our 1D model (Fig. 2). Thermal fluctuations are
negligible in our sample, because the pinning energy is typically
much higher than kT (Up < 102 2 103 kT, for T/T c ¼ 0.98 2 0.88).
Hence, the vortex dynamics is essentially deterministic. The tem-
perature does however play an important role in determining the
pinning efficiency of an antidot. At temperatures very close to T c,
vortices are bigger than the antidots, which then become less effective
pinning centres. At lower temperatures, vortices become smaller and
interact more strongly with the antidots12. In this sense, decreasing
the temperature plays the role of increasing the pinning strength.

Sign reversal in a vortex ratchet has been reported previously for
an array of triangular magnetic dots17. One single reversal was
observed to take place gradually as the number of vortices increased
above the corresponding saturation of the dots (three vortices per
dot). This was interpreted as the effect of interstitial vortices moving
in an inverted ratchet potential produced by the interactions with the
trapped vortices. The multiple sign reversals observed in our experi-
ment cannot be explained by the inverted ratchet effect of interstitial
vortices. Rather, owing to the strong enhancement of the current
density between the antidots (Fig. 3b), vortices tend to move in 1D
channels along the antidot rows. These channels should however
saturate at a high enough vortex concentration, the excess vortices
being forced to move along the interstitial positions. It is also
noteworthy that vortices are collective excitations; their cores can
be deformed and merged into one another at extreme conditions.
Consequently, one must be cautious when modelling vortices as hard
particles. Nonetheless, the agreement of the experimental results with
the model predictions is quite good, which suggests that the model is
able to capture the main physics of the observed vortex ratchet
effects. These multiple sign reversals provide a new tool for control-
ling and manipulating the motion of magnetic flux quanta in
superconductors. Finally, we stress that our findings have a very
general character and are also relevant to other ratchet systems of
interacting particles, like charged colloidal suspensions in ratchet-
like microtubules and ions in the selectivity filter of ion channels in
cell membranes4.
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