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We study the transport of vortices in superconductors with regular arrays of asymmetric pinning wells when
applying an alternating electrical current. The asymmetric traps are modelled by the superposition of two
interpenetrating square lattices of weak and strong pinning centers with separation smaller than the lattice
constant. We show that this system can induce a net rectifying or diode effect for the vortex motion, including
collective step-motor-type dynamics, where many vortices move forward a controlled and exact number of
pin-lattice spacings at each cycle of the ac driving force. This system exhibits a remarkable net dc response
with striking sawtooth-type oscillations. The net dc voltage respdhsef the ac-driven vortices versus both
the half periodP and the amplitudé, of the “square wave” ac drive has been detailed in the present work.
The influence of the equilibrium thermal noise, the shift between the two pinning sublattices, the degree of
translational and orientational disorder, and the size of the simulation system g tresponse of the vortex
motion at ac drive has also been addressed. Devil staircase and Arnold’s tongue structures are revealed. We
also analytically derive all the key features of our numerical results. This system provides a very controllable
stepmotor for the control of collective motion. Our results applytatis mutandido arrays of Josephson
junctions, colloidal systems with optical traps, Wigner crystals, and any system with repelling movable objects
that can be pinned by a lattice of traps.
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[. INTRODUCTION number of vortices is larger than the number of pinning sites
in the system. The system studied here rectifies the vortex
Vortex dynamics in superconductors under the influencenotion for all values of the applied magnetic field, and not
of an asymmetric periodic potential has attracted considefust above the first matching field. Indeed, it becomes a more
able interest in recent years. It can be used for designing flugffective vortex pump at and below the first matching field.
pumps, rectifiers, or diodes, as well as for focusing and lensthus, it operates in a different magnetic field regime.
ing flux quanta in designated target regions within a super- Further investigations of the effect of the asymmetry of
conducting devicé-® The control of the motion of vortices the pinning array and the pinning sites themselves will help
using asymmetric pinning can be useful for applications inthe design of more effective ways to control the motion of
superconducting devices, including the removal of unwantedortices in artificially nanostructured superconductors. One
trapped flux in device§.Recently, several group£®  of the simplest ways to produce asymmetric pinning sites is
have made proposals for quite distinct ways of using potento superimpose two interpenetrating arrays of weak and
tial energy ratchets in superconductors. Most of the earliestrong pinning site$® This type of asymmetric geometry can
studies on ratchet-type systems focused aingle particle  be fabricated using electron-beam lithographic technidles.
moving on a one-dimension&lD) asymmetric potential, as The results reported in this paper can be summarized as
opposed to motion in 2D potentials.g., Refs. 1 and 39@&r  follows. Using molecular dynamics simulations, we investi-
in three-dimensiongas in Ref. 6. Also, other work¥*~'®  gated the stochastic rectification of ac-driven vortices due to
studying asymmetric pins considered dc-driven cases, whicthe “ratchet effect” of asymmetric pinning traps. In contrast
produce no vortex rectification. to Ref. 3, for an applied transverse ac electric current, we
A standard 1D potential-energy ratchet was used in Ref. 2bserve a net longitudinal transport of the vortices dory
to move vortices inside superconducting samples using acalue ofH/H,, not just forH/H,;>1. HereH; is the field at
drives. 2D asymmetric channel walls were introduced in Refwhich the total number of vortices, is equal to the number
1 and a graduated random pinning density was considered of pinning centerdN,. We have found that, for the two in-
Refs. 3 and 4, both rectifying the motion of interacting vor- terpenetrating square pinning arrays with separatiomwe
tices. In such systems, tlwellective interactionamong vor-  can easily control of the collective motion of the vortices. We
tices are responsible for the dc transport of magnetic flusvill also show how the net dc response, in the presence of an
under the influence of an ac electrical current applied to thepplied ac drive, varies as a function @) the distanced
system. Simulatiorfsand preliminary experimerftsshow  between the two pinning square sublatticgs, the ratio of
that the ratchet effect of such pinning system works when thstrong to weak pinning strengtf8) temperature, an#) the
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FIG. 1. (a) A 2D illustration of the two interpenetrating square lattices of pinning sites @vtld.2a,. The perioda, of both the strong
pinning lattice(indicated here schematically by darker gray circkesd the weak pinning lattiodighter gray circlesare the same. The shift
between the strong and the weak pinning lattice alongythdirection is denoted byl. Both pinning sites have the same size. The
corresponding asymmetric pinning potentigl(y) is displayed for readers’ convenien¢b) 3D illustration of the pinning potential of the
interpenetrating lattices witd=0.3a,.

frequency and amplitude of the drive. The effects of bothour pinning strength& ), are unequal, the asymmetry of the

translational and orientational disorder are also studied; iattice can be controlled by. The driving force acting on the

particular we detected a devil staircase structure in the sysrortices is the Lorentz forcé =JX®,, whereJ is an ap-

tem characteristics curve, which develops Arnold’s tonguesglied electric current. Here, an ac current is applied to the

when disorder is systematically increased. sample along the direction in thex-y plane, so that the
Moreover, we introduce an asymmetry factor for this classdriving Lorentz forceF, is always parallel to thg axis, i.e.,

of devices proportional to the difference between the vortex =FY. The repulsive vortex-vortex interaction is

depinning forces in opposite directions. Suchamymmetry modeled® by a logarithmic potential),, ~ —In(r/\). Thus,

factor is a crucial figure of merit characterizing the perfor- the vortex-vortex interaction force is

mance of this type of devices. We also analytically derive all

the key features of our numerical results, including the re- N,

markable net dc response with striking sawtooth-type oscil- Foo(r)=F,.0 fOE ,

lations. =i Iri—rj]

AT

@

wherefij =(ri—r;)/|ri—r;|. The intensity of the intervortex

interaction force isF,,qfg and the cut-off length for such
Figure 1a shows a schematic diagram of the trpy long-range force is set togh. The overdamped equation of

view of a sample with interpenetrating arrays of weak andmotion for vortexi is given by

strong pinning sites. The strong and the weak pinning sites

are placed on two square lattices with spaciggand sepa- Vi =F +F,,(r) +Fp(r) +Fr, (3

rated by a distancd in they direction. Here, we choos®,

=1. Figure 1b) shows a small portion of the potential en- Wherex is the viscosity coefficient, taken to be unity, afg

ergy landscape over which vortices move. All pinning cen-represents the thermal contribution to the vortex motion.

ters are modeled by Gaussian potential Weflwith a de-  This is modeletf by

cay lengthR,. The pinning force exerted by theth pin of

one sublattice on thigh vortex is

Il. MODEL

FT:FTOfOZ S(t—tpL(t)O(w—q;), 4)

2
)' @ \where Fr,fo stands for the intensity of the thermal fluctua-
tions, which in turn is proportional to the square root of the
wherer; represents the location of then vortex andR{ is  temperature. The factdF(t;) is a random number chosen
the location of thekth pin of the y=w (*weak”) and the  from a Gaussian distribution with zero mean and unit vari-
y=W (“strong”) sublattice, respectively. The intensity of the ance at each timg=j7y; w=7,/A is the probability that
individual pinning force is denoted Wy}, fo. The total pin-  the noise term acts on a given vortex (s the discrete time
ning force acting on the vortex is obtained by adding up thestep and\ is the mean time between two successive random
singleF)(r;) terms for both pinning sublattices. noise pulsegsandq; is a random number uniformly distrib-
In our simulation, forcegper unit length are taken in  uted between 0 and 1. Final§,(x) is the step function with
units of f0=<I>g/8772)\3, with @ the superconducting flux ®=1 for x>0 and 0 forx<0. Throughout the simulation
guantum and the superconducting penetration depth. Sincework reported here, we chosg=0.0067 andw=0.9.

ri—RZ
Firi)=—Flfo—5—exp -
Rp P
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The vortex equation of motion is solved by taking discrete 15
time stepsry in a 2D square sample containing two interpen-
etrating arrays of strong and weak pinning sites with periodic
boundary conditions in both directions. The initial vortex
positions are obtained by annealing: the sample is first ex-
posed to high temperatures and then cooled down to zer
temperature. Afterwards the sample is subjected to a square 0.10¢
wave alternating current along the axis, producing a I
square-wave Lorentz driving force along thexis with am- 2
plitude F, and half-periodP. The remaining simulation >
lengths and forces are kept constaR,=0.13,, A -
=2.6ay, F,,0=0.1, and F§0=0.5. Systematic simulation (.05
runs were carried out only for a square sample with size
10a,x 10ay, (i.e.,N,=100). We tested samples of different
sizes and geometries, as well, coming to the conclusion tha
our results are insensitive to the sample size, provided tha I
the density of vortices and pinning sites is kept constant. 0.00

A single trapped vortex can be extracted from an isolated ~*
composite pinning center by applying an external pull with
amplitude larger than a characteristiepinning force
namely,F, >F_, whenF |y andF >Fy whenF |—y. For
the pinning parameters adopted throughout the present work
one obtains numericallif ,,=0.236 andr,,=0.436, respec-
tively, for the weak and strong pin stopping forces. Notice
that F,, and F,, deviate from the relevant pinning site  0.09
strength in opposite way, that K,>F g, andFy<F .

Ill. VORTEX STEP MOTOR

To investigate the effect of asymmetric pinning on the 0.06
vortex motion under the action of an ac drive, we set first the 8
separation between the two pinning sublatticgs;0.2a,,
and the relevant pinning strength ratie;,o/F jo=2, so as to

maximize the asymmetry of the pinning potentig(y) in 0.03
Fig. 1(b).t° I
The key transport quantity to be studied in this work is rf: = S
y i ; F, =03 ——HH =117
1 & I
Vo | =S ) 0.00
o <Nv = > 0 1 2 3 4 5
onary t P (10’ 1))
where(. . .),. denotes the stationary time-average over the 0
forcing cycle.
Figure 2a) showsV, versusP for different amplitudes FIG. 2. (Color onling (a) Time-averaged net velocityy, vs the

F of the driving force. Each point plotted here was obtaineddrive half-periodp for different values of the forcing amplitudg,
by averaging vortex velocityl) over 200 forcing periods, an_d constant magnetic fleH/H1=l.Q5, in the absen_ce of thermal
each with about 10to 1 MD steps. Longer time averages Noise: Notice thmopmonotonltbehawor ofV4(P), with thellarg-
taken over up to 1P yielded a standard deviation fafy,  ©StVac values obtained foF ~0.4. (b) CurvesV,(P) for differ-
lower than 2%. Interestingly, on increasing the period of theSnt ratios of vortices to pins in the samplgote thatN, /N,
driving force (from P=0 up to 5006, with a small step =.H/H1.) and fixed driving ampl'tugeFLW:O'S' The remaining
AP=10r), sharp jumps in the rectified voltagéy.(P) simulation parameters are= 0.2, Fpo/F po—2, 70=0.0067, and
0/ . . . oddc F+ =0. In panel(b) the horizontal dotted line i¥,,, Eq.(7), and

curves appear mainly for drive amplitudes in the range, '° .
(Fr F o) the open circles represext,(n), Eq.(8), for n=1-5.

m:t M/

The role of the drive half-periodP in the rectification
process is critical. WhelR is sufficiently small, the driven small dc response of the vortices. Note that in the absence of
vortices cannot travel enough distance from one pinning siténteractions with the pins and the surrounding vortices, the
to another parallel to the driving force during a positive half-speed of an individual driven vortex would Bg (as# was
period P, i.e., whenF_|y; the vortices will be then driven set to 2.
back to the original pinning sites during the subsequent nega- When the period of the driving force exceeds the thresh-

tive half period withF_||—y, which results in a vanishingly old value P.~aq/F,, for F,<F <F,, the vortices can
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move a distance equal to or larger than the pinning lattice  &f

constanta, during a positive drive half-period; as a conse- @)

quence, the vortices get blocked one or more pinning center: .. 4

away from their starting location, in the direction, ask, ol

reverses sign: the system acts as a vortex rectifier. Moreove R A A A A A
O d

it may be regarded as a controllable collective “step motor”
of flux quanta as many vortices move forward in unison. 0.5} }J

The origin of the rectification effect can be explained as L/ L A M M M M M
- . .. . - E
follows. Let us consider an individual vortex approaching a -0.5»\( { \( J \( \( \( r r r r r .

composite pinning unit, consisting of a strong and a weak
pinning site, subject to a driving force with,<F <F,. If aish 7 ——
the moving vortex enters the pinning center through the V1 [ [{ ][] [T E] ][] [ [] []
weak pinning sitenegative half cyclg it gets stuck against w ¢ [ [ [ L] L] L] U4 O O O OO O [
the strong pin. In the opposite cagmsitive half cycle, after 05 I S BN B

T2 3 4 5 o0 1 2 3 4 5 6

entering the pinning center the vortex is likely to climb over 0 (10’ 1) £10°1)
the less steep wall of the weak trap and thus exit the pinning 0 v
center in the positivey direction. For arbitrarily large=, of

d

values, depending on the direction of the drive, the vortices
would then move either less or more distance in one half _ 4/
period than in the other one; this produces a rectified vortex
transport in the positive direction.

To further clarify this mechanism in Fig. 3, we display the 0

trajectoriesy(t) of a single trapped vortex in the pinning O'SL/M ] M M
potentialU ,(y); the corresponding velocitieg(t) and driv-
i
e

ing forcesF(t) are shown for the sake of a comparison. =°° \N\ M W

2t

These trajectories have been obtained by simulating the time¢ -0.5¢
evolution of the collective vortex configuration at the first
matching field H/H,=1, where there is onérapped vor- 0.5¢
tex per pinning center and the vortex system moves rigidly in 0.0
unison. Panels(8) and 3b) contrast a locked versus a ratch- =~ -058 ——  ——
eted vortex array at different values®fthe vortex stepwise 6 1 2 3 4 5 0 1 2 3 4 5 86
motion with shiftsa, and 2a, per cycle, respectively, is il- td0 %) 110" 1)
lustrated in panels(8) and 3c).

The striking sawtooth-typescillations of V4.(P) for P

FIG. 3. (Color onling Vortex displacemeny, velocity v and

- riving force as a function of time for different values of the half-
> P are a remarkable feature of this system. The very ShargeriodP and the amplitudeB, of the ac drive at the first matching

peaks inVy. locate the optimal periods for the ac driving field H/H,=1: (@) P=400r,, (b) P=500r,, () P=1000r, at
force to produqe n_1aximum rgctification. The distaft®e-  F =0.4, and(d) P=1000r, at F, =0.5. The remaining simulation
tween two oscillation peaks in each curve also depends Oparameters ard=0.2a,, Fio/F%=2, Fr =0, and7,=0.0067.
the drive amplitudd=, . As the optimal vortex displacement °

corresponding to two adjaceWy (P) peaks isP x FL~ag velocity attains necessarily a maximum for an appropriate

[see Fig. &)], the periodP of a V4.(P) oscillation nearly Vvalue of the drive amplitude close .
coincides with the threshold valw, (see Sec. IX foramore  In Fig. 2b), we display the curve¥,(P) for different
detailed discussion values of the applied magnetic field and a fixed drive ampli-
The dependence &f . on the drive amplitud&, isnon-  tudeF =0.3. A nonzero net average vortex velocityals
monotonicas we proved by varying, from 0.3 to 0.8 in Wwaysobserved, even when there are fewer vortices than pin-
Fig. 2a). If the drive amplitude is set below the rectification NiNg centers, that is1<H;. This is a remarkable property,
threshold(i.e., F . <F,), the trapped vortices cannot be de- Wwhen compared with vortex rectification in samples with
pinned at all, which causes a highly suppressed dc responégradual” random pinning? There a nonzero dc response
(a residual, mostlynegative contribution toVy4, may come Was obtained foH/H;>1, only, whereas the present system
from interstitial vortices moving away from the pin ceners can rectify the motion of any assembly of vortices for all
On raisingF, aboveF,,, the collective vortex stepmotor Values ofH.
mechanism sets on; vortices advance in the posj,tid'e’ec- The threshold valué’c for the onset of vortex transport
tion increasingly larger multiples of the unit step per  and the period® of the V4 (P) oscillations in Fig. 2b) are
cycle. Eventually, as the driving force grows larger than thealmost identical, irrespective of the applied magnetic field.
strong pin stopping forcé&,,, all vortices will move back The magnetic field densiti#/H,, however, clearly impacts
and forth collectively, insensitive to the asymmetric pinningthe magnitude of vortex response through the collective in-
lattice [see Fig. &d)]; hence the very weak dc response atteraction among vortices. Fét/H,<1, (i.e., the number of
F_.=0.8 shown in Fig. @&). In conclusion the vortex net vortices is smaller than the pins in the sysjethe rectifica-
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FIG. 5. (Color online Vortex trajectories in the subthreshold
regime F =0.225 for H/H,=1.01, and different drive half-
periods:(a) P=1000r,, interstitial phase with negative average ve-
locity; (b) P=1800r,, discommensuration phase with positive av-
erage velocity. The remaining simulation parameters are as in
Fig. 4.

S>—&

&5 o-—E>—EP—E>—ED—ED—er—6D
S & & &

S—

®
®
®
é
é
&
é
é
6
®
1 r a,. These vortices may get trapped again, but in a nearby
pinning center. During the subsequent drive half-period,
whenF, points in the negativg-direction(namely, from the
FIG. 4. (Color onling (a)_—_(d) \ortex traje_ctories at fixed gmpli— weak to the strong pinning sites in each Wnihe commen-
tude F, =0.3 of the ac driving force for different half-periods ;a6 vortex rows cannot be driven back to their original
;20(::70,:8(;)0;0,:%)08&(; 211%41/?—1002'1ggrerh;?ﬁiae(r)s,titlzigf/\l/:oprcii- pinning centers, becaus®e, is smaller than the stopping
P Tor T 0T e ) . force Fy, of the strong pinning sites. Thus, the system be-
ces shown in@, (b), and(c), become incorporated in the lattice haves as a “collective vortex step motogbllectively shift-
creating “solitonlike” discommensurations that propagate forward.
ing all pinned vortices by one step for each cydie the

along the vertical columns. )
asymmetric pinning arrays considered here, each pinning

tion effect is the most pronounced because the vortices caflit can only trap one vortex. So, the more efficient net
be trapped more efficiently by the pinning centers as theyOrtex response to the ac driving force occurs at or below the
move back and forth during one drive period. On the condfirst matching fieldH/H;<1, as shown in Fig. @).

trary, for H/H,>1 more and more interstitial vortices move  In Fig. 4(c), we display the 2D vortex trajectories fé¥
back and forth rather freely, while the increased vortex den=1000r, i.e., around the mid-point of the first sawtooth of
sity causes a stronger vortex-vortex repulsion that weakerthe correspondin/.(P) curve in Fig. Za). We observe a
the pinning effect of the vortex traps; both effects tend tostationary dynamical regime, in which the interstitial vortices

5 ED—ED—E— D —CD—ED—C—Er—6p ~en
&—6p—E>—Er—6b—6p—Eb—p—Er—6n -6
S-S & & S &

65— CD— 6D —CD— D —E—E—Er—Er—60 -
S S-S &

§
§
é
§
§
a
a
L
a
§

S+ S S-S S—&

S —C—CD— D —E—ED - —E—E—ED-
— G—6D-0-C—ED—E— D —ED—ED—ED

a
§
§
e
4
a
\

degrade the dc vortex response. move back and forth a distance larger they but with no
net displacement in either direction, while the commensurate
IV. VORTEX TRAJECTORIES FOR DIFFERENT AC vortex rows advance a stem, per cycle in the positive
DRIVE PERIODS y-direction.

Figure 4d) shows the 2D vortex trajectories foP

In Figs. 4a)—-4(d), we display the pinning sitesopen  =1600r,, right after and very close to the tip of the second
circles, vortex positions(dots and 2D vortex trajectories sawtooth in the relevant,(P) plot. Here, the interstitially
(lines) at H/H,=1.05 for different half-period® of the ac  flowing vortices disappear as they get absorbed in vertically
drive. Here, we set the drive amplitudefg=0.3 and chose moving columns of vortices, which now flow slower in the
d=0.2a, FEO/F‘;VO=2. form of “soliton-like” discommensurations. This stationary

When the period ofF, is small, (e.g., P~600r), the  vortex flow phase can be also found in the dc driven Tase
interstitial vortices can move back and forth in the driving (see Sec. Xl
direction and one can see clearly their trajectories in Fig. Finally, in Fig. 5 we focus on the interstitial dynamics in
4(a). The trapped vortices can move out of the pinning centhe subthreshold reginfe, <F,,, where no collective vortex
ters whenF_|ly (namely, points from the strong to the weak motion takes place. FoF, =0.225 the untrapped vortices
pinning site in each unit but the travelling distance is can be found in two distinct dynamical phases, depending on
smaller than the spacing, of the pinning lattice. AsF_ the drive half-period: in pandl) each interstitial runs par-
reverses sign, these vortices will be driven back to theimllel to F, at the center of the channel delimited by the two
original pinning centers; no net vortex transport takes placeadjacent(locked vortex columns. Its average net velocity is

In Fig. 4(b), at P=800r,, during the half period when a negative in panel(b) the moving vortices form mobile dis-
driving force withF >F, points in they direction, the ini- commensurations. Discommensuration-bearing columns drift
tially trapped vortices can move out of the pinning centersn thepositivedirection like the regular vortex columns when
and travel a distance equal or larger than the lattice constait, >F,. The interstitial response to the ac drive is respon-
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FIG. 6. (Color online Dependence of the net average velocity
Vg4c On the drive amplitude~, : squares,H/H,=0.83; circles,
H/H,=1; upward triangles,H/H;=1.05; downward triangles:
H/H,=1.17, with fixed half-period®=1600r,. Here,d=0.2a,,
Foo/Fpo=2, 7o=0.0067, and~7 =0.

sible for the small negativ¥/pc values reported in Figs. 2
and 6.

V. AMPLITUDE DEPENDENCE OF THE NET DC ’ . F
VOLTAGE L
FIG. 7. (Color online Average velocityVy. vs F for (a) dc

current drive along (curve 1) and —y (curve 3, and(b) ac drive
alongy (thin curveg at P=1600, 1706, and half the difference

The plots in Fig. 6 clearly show that the ac driven vortex
transport is appreciable only within the drive amplitude
range Fm.’FM); th.e.pefak of the/4o(F, ) curves is Centered between the two dc-driven curves i@ (thick curve. Here,
at an optimal rectification valuE, and decreases with the = - A 7 =

. : A H/H;=1.05, d=0.2a,, FS/F" =2, 70=0.0067, andF; =0.
ratio of the vortex density to the pins in the sample. Both th he one-particle anal t'caT epd'ct'on in EQO) for a eo ot
plateaus of the dc response curves and the damped osciﬁ{i— . part alytical prediction in B/ Ury are piot-
. L . ed in(a) for comparisondotted curvel the approximate adiabatic
tions of their tail are consequences of the constant drive Pg; - . . X .

. . . 4c-F characteristic curve described in Sec. Xl is drawrgtinas
riod used here. A larger amplitudg_forces the vortices to a dotted curve
Cross more pinning sites in each positive drive half-peRod '

thus producing a new plateau for each additional pinning unit  v/j,. cOMPARISON BETWEEN AC AND DC DRIVES
they cross. These turn into damped oscillations when the

driving force F| overcomes the stopping forde,, of the To better analyze the ratchet effect of asymmetric pinning
strong pinning sitegsee Fig. &) for a vortex trajectory at Systems, it is interesting to study the vortex response to dc
FL>Ful. drives in oppositey directions. In Fig. 7a), we report the

For H/H,=1, theVy.(F,) curve exhibits neat, flat pla- Stationary average vortex velociti&&j.(F ) and Vgu(F,),
teaus corresponding to commensurate lock-in transitiong/ersus the amplitude of a dc drive wiffy |y and F[|—y,
where the amplitude of the back-and-forth motion of the vor-respectively. The effect of the asymmetric pinning is appar-
tices matches the distanag between pinning site@ee Sec. ent. Indeed, it is easier to depin vortices when driven in the
XI). These lock-in plateaus are the analogs of the “Arnold’spositive direction E,||y) since the weaker pins are easier to
tongues” described in Ref. 21. The main lock-in plateaus ar@vercome. A more detailed study of the asymmetric pinning
separated by sharp steps. WhdnH,>1, the presence of effectin the presence of a dc drive can be found in Ref. 15.
interstitial vortices blur the collective stepwise vortex motion In Fig. 7(b), we compare the curve[V{(F,)
in the positive directiorithe stopping forcé& ,, weakens, top —VEC(FL)]IZ, computed from the data in Fig(af, with the
and the correspondingy. plateaus get smeared out to form net average responsg(F,) to an ac drive as a function of
the damped oscillations shown in Fig. 6. the amplitudeF, at fixed half-periodsP=1600r,, and
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[Fig. 8@] and for magnetic fields close to the first matching

- - H/H, = 1.05 T field [Fig. 8(b)].
F, =04 : : When the applied magnetic fields are either larger or
. P=16007, | smaller than the first matching field/H,=1, thermal fluc-

tuations in the vortex response are more pronounced, see Fig.
8(b). Therefore, the addition of thermal noise in the simula-
tion alwaysweakens vortex transport. This is quite different
from other types of “rectifiers”(see, e.g., Refs. 1 and p2
where a broad peak in the net average velocity versus tem-
perature was observed.

VIIl. ASYMMETRY DEPENDENCE OF THE DC
RESPONSE

A. Dependence on the pin-lattice mismatch

To investigate the effect of the asymmetry on the vortex
motion, it is interesting to vary the parameters of the two
square pinning sublattices. Here, we keep focusing on the
incommensurate caskl/H;=1.05 with fixed drive half-
periodP=1600r,. In Fig. 9a), we displayV,. as a function
of the separatiord between the weak and strong pinning
sublattices; the pinning amplitudla‘%O and F‘,QVO are the same
as in the figures above.

Whend=0, i.e., the two pinning sublattices overlap, the
pinning geometry is perfectly symmetric and, as expected,
the vortex responsé,. vanishes. On increasirdy a nonzero
dc response appears due to the asymmetry of the pinning
traps. When the composite pinning centers reach an optimal
asymmetry(for d~0.2a,), theV4(d) curves hit their maxi-
mum value(this behavior is apparent fdf, ~F,,). For a
sufficiently large separation between the two pinning sublat-
tices (e.g., 0.4,<d=0.53;), the two sets of pinning sites
no longer overlap; the effective pinning potentidl,(y)
turns symmetric again and the vortex dc response drops back

FIG. 8. (Color onling (a) Net average velocity/ 4. vs the am- to zero.

plitude Fr, of the thermal noise forcE for the ac driven case for
different amplitudest-| =0.3, 0.4, 0.5, 0.6, and 0.8, and fixed mag-
netic field densityH/H,=1.05. (b) Net average velocity. for
different ratiosH/H, of vortices to pins in samples witkhl/H,
=0.83, 1, 1.17, and drive amplitude_ =0.3. Here,d=0.2a,,
FEOIFY)“():Z, 70=0.0067, and®=1600r.

B. Dependence on the pinning amplitude ratio

Another method to characterize the asymmetry of the pin-
ning potential is to vary the pinning amplitude raﬁégolFf,o
of the two square pinning sublattices. In Figb® we show
V4. for various amplitudes of the ac driving force as a func-
tion of the amplitude ratid=y,/F 3, with fixed valuesFp,
'=0.5 andd=0.2a,. Here, we still focus on the incommen-
surate caséi/H;=1.05 at a fixed half-perio® = 1600r,.

WhenFJ,/F,=0, i.e., the pinning strength of the weak
pinning sublattice iS:‘gO:O, the asymmetry of the ratchet
pinning potentialU,(y) disappears; as a result the dc re-
sponse is null. On increasirfgy,/F,, the asymmetric pin-
ning effect becomes detectable due to the partial overlap of

In Fig. 8, we show the effect of thermal noise on the dcthe two pinning sublattices, until for an optimal asymmetry
response of the vortex motion. As seen in Fig)gwhen the  ratio FY/F3;=0.5, the vortex dc response attains a maxi-
thermal noise strengthy is sufficiently smallVgcis almost  \,m As the strength of the weak pinning siféSo ap-
“locked” because the vortex lattice moves somewhat “rig- proachegzzo7 i_e_, F\’/)VO/FFS)O:]_, the asymmetry of the pin-
idly” due to the vortex-vortex interaction. On increasiRg,  ning potential vanishes again, and so does the net vortex
above a certain value, which dependsFgn the average dc transport in Fig. ).
velocities of the vortices drop rapidly. This is seen more The rectifying power of a ratchet device can be quantified
clearly in the vicinity of Fy, of the optimal value=  ~0.4 in terms of an asymmetry factor proportional to the differ-

1700ry. Notice that in the case of a square-wave drive
[VE.—V§ /2 can be regarded as adiabaticapproximation
to the rectified voltage/q.; this explains the close agree-
ment between the two curves plotted in Figh)7

VIl. EFFECT OF THERMAL FLUCTUATIONS
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=0.5 andd=0.2a, (open circleg and of the sublattice distance
' ' "R = (upper axi$ for F3o/Fpo=2 (solid circle3. The asymmetry factor

0.12

represents the difference between the critical depinning forces, nor-
malized to twice the average depinning force.

shows the ratio of the difference between the stopping forces,
Fu—Fn, over twice their average,, +F,, as a function of
both d and alsoF j,/Fp,. This asymmetry factor is very

0.08 ] clearly peaked ad~0.21 andF,/F},~0.48. Also notice
that both curves are similar and that thg — F,, dependence
Q on the separatiom between the strong and weak pinning
A centers is apparently consistent with the simulation results in
> Fig. 9a), which indicated an optimal near 0.2.
0.04 .

IX. EFFECTS OF PINNING DISORDER

In this section we study systematically the effects of both
the translational and the angular disorder of the asymmetric
pinning units. For an easier comparison with the results of
0.00 pusc : the foregoing sections, we keep the following simulation pa-

: : — : : rameters fixed:H/H,=1.05, P=1600r,, d=0.2a,, FZO
0.0 =0.5, andF3,/F=2.

A. Spatial disorder

A controllable amount of disorder in the pinning lattice
can be simulated by displacing each pinning center from its
square lattice positiofR;, at random®?® according to the
rule

FIG. 9. (Color online (a) Dependence of the net average veloc-
ity V4. on the separatiod between the strong and the weak pinning
square sublattices: ;,/F j,=2. (b) Dependence of the net average
velocity Vg on the ratioF;,/Fy, between the amplitudes of the
strong and the weak pinning sit with fix&iOEO.S atd=0.2a,. In
both figures, the half-period® of the ac driving force isP
=1600r, F_ varies from 0.2 to 0.8F1 =0, 70=0.0067, and Here,R,; is the final location of théth pinning unit,v, and

R;=Rio+ apARyisordef VxX+ vyY).

H/H,=1.05. vy are random numbers uniformly distributed betweef
and 1 andA Ryisorqergauges the amount of disorder.
ence between the stopping forcés, —F,,. Theasymmetry In Fig. 11(a), we show the dc vortex current as a function

factor is a crucial figure of merit or key parameter character-of the drive amplitudd=, for different values ofA Ryisorder-
izing the performance of this type of devices. Figure 100n increasing the amount of spatial disorder, the peak value
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0.15 — T T value of Vy(F) as a function ofA RyisorgeriS Shown in the
AR, . = ' H/H, = 105 inset of Fig. 11a). We emphasize that even if we scramble
| —o0—0 P P= 16007, the location of the asymmetric pinning centers to an effec-
[ o ¢19 tively random distribution, here theiorientation is main-
A2 S ., tained parallel to+y. This explains why in the inset of Fig.
v 03 0.05 ° 11(a) the maximum vortex ratchet current approaches a finite
0.10F od ® o oy asymptotic value~0.2 for ARgisorges> 0.4-
,,,,,,, 1 5 0.00
8 — gz \E\’ 0.0 0.2AR .0'4 o8 B. Angular disorder
> i e The angular disorder of the asymmetric pinning sites can
I be simulated by displacing the weak pinning center around
0.05¢ H/H = 1.05 | the strong one in each pinning unit, while keeping their sepa-
i L $h O b 1= ration d=0.2a, fixed. We defineA fyisorqerds the maximum
R 53 9 4 P=16001 deviation of the angle between the symmetry axis of the
i % o Yoy 0 composite pinning unitoriented from the strong to the weak
I (a) : pinning centersand the positivey axis, i.e.,
0.00

0= v 4A Ogisorder-

Here,vye[ —1,1] is a random number uniformly distributed
and ¢; is the new(random orientation of theith pinning
0.15 . : . i i : i i . unit.

In Fig. 11(b), we show the vortex current as a function of
the drive amplitudeF, for different values ofA O4isorder
With increasing the angular disord&fyisorger, the maxi-

‘ mum of theV . is largely insensitive t@\ OyisorqerdS long as
° 1] A Ogisorder=120°. Moreover, as fgisorger grows larger than

'. i 120°, the peak value of the,.(F,) curves drops quickly;
&) ] their plateaus shrink and eventually vanish. Finally, for
a 0 60 120 180 A Bgisorge= 180°, i.e., when the angular disorder of the pin-
> A8 rier 1 ning lattice is complete, no rectification of the ac driven vor-
- . tex motion is detectable.
0.05t H/H, = 1.05-
- _ 1 C. Deuvil staircases and Arnold’s tongues
P=16001,]

Devil staircase structures with many plateaus of different
sizes can appear in systems with two competing periodici-
ties. In our samples, one periodicity is tempaithle applied
ac drive, producing periodic spatial oscillations of vortices in
. . . . , a sample with no pinswhile the other periodicity is spatial
0.0 : ! b 1.0 (the periodic array of pinning center$hysical examples of
ac driven systems exhibiting devil staircase structure include
charge density waves and Josephson junctions. The plateaus

FIG. 11. (Color onling (a) Dependence of the net average dc are also known as phase-locking regions, and the Widest pla-
velocity V4. on the amplitude of the ac drive force for increasing teaus are typlca!ly the ones near the center of the st.alrcase
values of the translational disorder parameteARfeyqe  STUCIUrE, which is also the case in our system. The width of
=0,0.1 . ..,0.6) of the pinning centers. The inset shows the depentN®Se plateaus can change as a function of the system param-
dence of the maximum values W in the curvesVy(F,) on the  €ters, forming distorted elongated triangles or “Arnold’s
disorder strength parametdRyorqer (b) Dependence of the net fongues.”
average velocity/y. on the amplitude of the ac drive for increasing ~ Our system here has many degrees of freedom, which
values of the orientational disorder parameten 6§ INt€ract with each other and also with the many potential
=0,30°,...,180°) of the asymmetric pinning sites. The insetwells in the sample. This is similar to another vortex
shows the dependence of the maximum valueggfin the curves  systemd® and in contrast with the typical nonlinear circle
Vgc(FL) on the disorder parametérfgsq,qer In both figures, the  maps(which exhibit very clean and mathematically well de-
half period P of the ac driving force isP=1600r,, d=0.2a,, fined devil staircases and Arnold’s tongudisat only have
Fro/Fpo=2, Fr,=0, 7,=0.0067, ancH/H;=1.05. two degrees of freedom, as opposed to very many as in our

case.
of the Vy.F, characteristics decreases, while its plateau Figure 12 shows a diagram of the width of the plateaus of
structure disappears altogether at ladgRyisorqerr The peak Vg versusk for an increasing degree of orientational dis-

0.00
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FIG. 12. Width of the plateaus Mg, [shown in Fig. 90)] vs the 0.00

degree of orientational disordArfys.rqer0f the asymmetric pinning 0 1 2 3 4 5
centers. These plateaus\fy. follow a devil staircase with an Ar- P 1 03

nold’s tongue structurgwhich is shaded in the figure These ( TO)

shaded tongues correspondvtg.~ 1.2 (black), 0.8 (gray), and 0.4

(light gray), in Fig. 11(b) for various values oA fgsorger- The re- FIG. 13. (Color online Net average vortex dc velocityy. vs
maining simulation parameters aré=1600r,, d=0.2a,, the half-periodP of the ac driving force for different sizes of the
FEOIFY)"O:Z, Fr,=0, 70=0.0067, ancH/H;=1.05. simulation systemN,=100, 160, 320, 400, 900 for fixed mag-

netic field densityH/H,=1.05. Even though the system size grows,

. . L o b
order A fgisorgerr When the latter is zero, the width of the t?ﬁn?num;teersoj_'\é?;gcfolz Zh':v%y;as A)F? |?2sr:tr21anpthi; u;nnbder of
plateaus is maximum. When it increases to 30°,60°,90°, ang"""9 ' Lo 0 T et po S Tl

so on, two general trends can be obseregithe width of P=1600r.

the Vqc plateaus shrinks, an@) these tend to shift to higher to the fact that sometimes interstitial vortices, that normally

values ofF| . s ; A :
These results are physically reasonable and can be egﬁrgf/m thfo?fe?(afgﬁfézg(fgig’s'aéfif?})h%rrq;?r?g;?oagﬂgerbﬁthe
plained as follows: Increasing the degree of orientational dis- 9 J 9

order decreases the effectiveness of the rectifier by miss Enovmg vortex column thus becomingdiscommensuration

igning the pin units with respect to each othéhus, see Fig. 5 Discommensuration-bearing columns advance
shrinking the width of theVpc plateaus and requires

in the positive direction, which translates into higher values
slightly higher values of| to achieve similar levels of rec-

of V4.(P), as seen in Fig. 13.
tification (thus shifting the plateaus to higher valuesFo).
The shrinking plateaus shown in Fig. 12 are known as Ar- XI. ANALYTICAL DISCUSSION

nold’s tongues in the literature on commensurate- A fyll analytical interpretation of the vortex ratchet flows
Incommensurate systems. simulated above lies beyond the reach of today’s non-
equilibrium statistical mechanics. Nevertheless, close to the
X. SAMPLE SIZE DEPENDENCE first matching fieldH/H ;=1 there are no interstitial vortices
and therefore the overall vortex dynamics can be analyzed to
To further confirm our simulation results and conclusions,g good accuracy through a simplified one-particle approach.
we have tested our simulations for various sample sizes. Ifhe current literature on overdamped ratchets in one dimen-
Fig. 13, we show results of our simulations in>X00, 10  gjon can thus provide us with the necessary guiddhes 32
X16, 20<16, 20< 20, and 3%<30 pinning lattice systems at  For H/H,=1 the effects of the vortex-vortex interaction
fixed magnetic field density/H;=1.05. The spacing be- cancel out for geometrical reasons so that we can just ignore
tween pinning sites is alwayg. Notice that the actual num- them. The net potentidl ,(y) felt by a noninteracting vortex
ber of vortices grOWS with the number of pinning sites. Themoving para”e' to the app“ed Lorentz force in ty@irec-
other parameters are chosendzs0.2a, Fro/Fpo=2, FL tion, results from the linear superposition of all pinner poten-
=0.3 andF =0. The original vortex lattices for each case tials, corresponding to pinning forc€$), along one lattice
are obtained from similar annealing processes. column. As one can see from Figal U(y) is a periodic
As seen in Fig. 13, the onset, the oscillation period andasymmetric potential capable of sustaining a ratchet
the strength of the dc responsg, for the vortex motion  current??>?¢ in the absence of thermal fluctuations its rec-
versus the half perio® of the ac drive are essentially the tifying power is mostly limited to the amplitude window
same for all these systems. The unavoidable minor fluctuaFn,,Fy), with F,<F,,. We recall that the two limiting
tions are due to the disorder of the vortex lattice at the invaluesF,, and F,, can be computed numerically from Eqg.
commensurate magnetic field dendityH,=1.05. Some ad- (1): For the pinning parameters shown in Fig. E
ditional very small peakgthe most visible ones ned? =0.236(~0.25= F‘,’)VO) and Fy,=0.436(~0.5= FEO) [also
=2000r, andP = 25007, for N,=400 pinning sitesare due see Fig. 7a)]. Indeed, as discussed before, it is physically
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reasonable to expect that,~ F“’JVO andFM~F;0. Both predictions folv,, andV,,(n) are displayed in Fig.(®)
The curveVy, versusP for H/H,=1 in Fig. 2b) can be as compelling evidence of the one-particle approach when

reproduced fairly closely. First of all, we need to determineH/H;~1.

the activation half periodP., when the rectification mecha- Figure 6 shows a typical plot of the ratchet curr&fy,

nism sets on all of a suddeR,, must be long enough for a versus the drive amplitude,_ : For P=1600r, the first three

single vortex to drift from one pinning well to the adjacent horizontal steps of thé/y. versusF  characteristics have

one along & column, by climbing the less steep side of the roughly similar widthsAF, =0.07 and are equally spaced

Up(y) well it sits in[i.e., in the positivey direction for the ~ with AV4.=0.047. Both features are well reproduced by the

Uy(y) potential of Fig. 1. The net vortex velocitfu) over  heuristic argument in Eqs5) for the average net vortex

such a distance is a nonlinear functionFgf. A rough esti-  velocity (u(F_)) and Eq.(6) for the periodP.. Periodic

mate of(u) can be given by assuming that the vortex veloc-jumps in theVy.(F ) curve occur for the discrete solutions

ity inside a pinning well tilted in the positive direction with F_=F,, of the equation

F >Fis F_.—F, while in the flat region between pinners

is justF, (remember that the viscous constanhas been set Fr(F)Pc=nay,

to one. In other words(v)~F —F,, [whenF _>F, and namely

(v)~F_ in the space between trgp#\lso, the longitudinal

size of the double pinning well structure in Fig. 1 can be Fn=nFo+ 6,Fn, 9

ientl imated t6,=2R,+d (=0.46, here.
Thie eny appIOXIMATEd B2 ( o Mer8. ith Fy=ay/P,. When P.=1600r, then Fy=ag/P,
’ =0.0938. Only two jump amplitudes,, fall within the rec-

m

(50 (F1=0.2 is shifted to 0.24, becaudg. is zero belowF,

~0.24). As a consequence, the rising branch of\Mhgver-
For the sake of a comparison with the simulation data reSus FL characteristics plot exhibits only three horizontal
ported in Figs. 2—8 the explicit value of the correcting factorSt€Ps
is k(F_=0.3)=0.64. Our estimate for the half peride}. is

S,F tification window (,,,Fy), i.e., F;=0.30 andF3;=0.36
<U(FL)>:K(FL)FL:FL(1_ FL )

Vgd(N)=nAVyc,

then
with n=1,23 and AVy.=a,/P.=0.047. For P/
_ 8 & =3200 (4800) the simulation reveals sinine) jumps
PC_@_ k(FOF. ®  within the rectification window(not shown hergin agree-

ment with Eq.(9). The favorable comparison thus achieved

In Fig. 2(b), ag=150rq, and therefore predictio(6) for P,  establishes the validity approximati¢®) over the entire rec-
yields P.=780ry within less than 2% from the numerical tification window (possibly with appreciable deviations in
estimate 766, from our simulation. the vicinity of F ).

The curveVy. vs P in Fig. 2(b) shows a sequence of Finally, Fig. 7 also deserves a closer inspection. The up-
peaks of the same heighy.=V,,. These peaks appear at per panel shows the stationary velocities
the following periods: R

Vae=Vac(+FL)

P(maximum V4.)=nP.+¢, and

wheree is very small, i.e., to the driving condition when a VL =V (—F )
single vortex can advance by exaatiyattice constanta, in dc=Vac(~FL

they direction during half a forcing cyclégetting immedi-  of a single vortex driven to opposite directions by a dc signal
ately trapped a¥ reverses its sign The peak velocity is  of intensity F, in the absence of thermal fluctuatiofis,

therefore =0 and forH slightly larger than its first matching valu,
(H/H{=1.05). On ignoring the role of the unpinned vortices
Vy = Na _ K(FL)FL. (7) (here fewer than 5% we can try to extend the one-particle
2nP; 2 approach to this problem, as well. The velocity versus force
u-F_ characteristics for a particle moving on a noiseless one-
dimensional periodic substrate is reasonably well approxi-

The minimaV,(n) of the curveVy. versusP atH/H;=1

occur at these periods: mated by the formula

P(minimum Vgc) =nPc—e, Ur (FO=VFI=Fhy (F>Fnyw), (10
as the vortex drifts a distanee, in a half-period of duration \which is exact in the case ofa‘nusoidalpotentialup(y).32
(n+1)P; accordingly, Here, one useE,, if the vortex is being driven against the

stopping forceF,, (i.e., to the right, and vice versa.
_ n _ In Fig. 7(a) the agreement betweer‘ﬁC andug is by far
V() =V nt1 " 1.23... . ® much closer than betweev;. andu, . The reason for this
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discrepancy is twofold(i) The right hand side of the poten- (spatial scale of~\) pinning landscape is nonsymmetric,
tial wells in Fig. 1 are too steep to be fitted to a sinusoidalwhile here it is symmetric(5) In Ref. 3 there is no “current
function with appropriate amplitude and wavelength. Appar-inversion” when varying the applied force, while here there
ently such an approximation works better for the loweris. (6) Very importantly, in Ref. 3 there is no controllable
slopes encountered by a vortex being pulled in the oppositestepmotor” of vortices, while here there is. Thus, the sys-
direction. (i) Interstitial tails are easily detected in both tems in Ref. 3 and the one proposed here are significantly
curvesVg, and Vg, with the interstitial effect looking more  gifferent, often opposite.
pronounced in the negative direction, i.e. féf,."° Furthermore, the system in Ref. 1 is vastly different from
In Fig. 7(b) we compare the net velocity,. of the vor-  the one in Ref. 3 and the one described in this manuscript.
tices subjected to a square-wave periodic sidghdlt) with  For instance, item$1) to (6) above are not directly appli-
the most obviousdiabaticapproximation{ V5.~ V4.1/2. A cable to Ref. 1 because: Ref. 1 Kasno interstitial vortices,
shown by Bartusselet al,”® the adiabatic curve(for P (b) it has no individual pins acting directly on the moving
— ) embeds all thé/y. curves for finiteP. Formulas(10)  vortices,(c) it has no current inversiorid) it shows no con-
can be used to reproduce the adiabatic curve from simulatioftollable step-motor behaviofe) its performance is optimal
provided that one first adds an adequate interstitial tail tqyt intermediate temperatures instead of at low temperatures
u (F.). For simplicity we fitted the interstitial tail 0§, by  for Ref. 3, etc. The device in Ref. 1 is a completely different
means of a straight curve type of system from others, possibly the first boundary-type
i ratchet ever proposed. From the point of view of microfab-
u (F)=(H/H,—1)F_ for O=<F_<Fy rication, the proposal in the manuscript could be easily

and the constant offset implemented via lithography, while Ref. 3 has been realized
. at Argonné via irradiation (although it could also be real-
u (Fy)=0.022 for F >Fy; ized, using lithography

) ) _ . Last but not least, in this work we derive analytically all
the resulting adiabatic cur\,{euR(F,_)—u,_(FL)_—u:_(F,_)]/Z the main features observed numerically, while Refs. 1 and 3
is plotted in Fig. Tb) for the sake of comparisofiWe have  include no analytical work. In addition, other ratchet sys-
implicitly assumed that the interstitial contribution td]c tems, e.g., Josephson junction arr&dy¥ have very smooth
becomes negligibly small &, grows larger tharF), ; the  potentials, limiting their rectifying power.
interstitial contribution toV} . has been discarded altogether

for simplicity.]>*

Both adiabatid/ curves suggest the existence of a small xjj|. APPLICATION TO OTHER SYSTEMS, INCLUDING
negativecurrent peak due to the interstitial vortices, that at COLLOIDAL PARTICLES
low forcing amplitudes (from the simulation 0.1&F_ o _ _
<0.19) appear to drift in the<{y) direction. This reverse Itis important to emphasize that our results apply mutatis

current is due to the interaction of the interstitial vorticesmutandis to arrays of Josephson junctions, colloidal systems,
with the pinned vortices. Note that the profile of the negativeVigner crystals, and any system with repelling moveable
peak in the simulated adiabatl,, curve resembles the Objects that can be pinned by a lattice of traps. For instance,
larger positive one. Indeed, we observed that in this forcin% directly applies to colloidal particles flowing through a
regime all interstitial vortices are confined between pairs of’achinko-like array of laser beams. Our results here could
locked vortex columns subject to an effective potential withform the basis of a technology to sort colloids or biological
lower stopping forces, but with a reversed asymmetry withmolecules®® The “dictionary” here is(i) magnetic— elec-
respect tdJ ,(y). When the bound vortices spend more timetrical interactions{ii) vortices— micron-size collpldal par-

in the deeper wells, the asymmetry of the vortex-interactionticles; (ii ) superconductor medium- liquid; and(iv) array
based “interstitial pinning” isreversed since the interstitial  Of traps made by electron beam lithographyarray of traps
vortices are “repelled” from the deepéoccupied wells. A made by optical holography. Indeed, our proposal here can
detailed analysis of the interstitial dynamics lies outside théoe easily implemented as in Ref. 37. This requitesusing
scope of the present work, and is described in a separaftolographic optical tweezers to createo interpenetrating

publication®® arrays of “locally asymmetric pinning traps,” with weak and
strong wells within each trap, instead of one; dbgapply-
XIl. COMPARISON WITH OTHER VORTEX RECTIFIERS ing an ac drive to colloidal particlggnstead of a dc drive, as

in Ref. 37. This would produce a very controllable way to

The proposals in Refs. 1 and 3 are significantly differentcollectively and orderly move particles forward by quantized
from the one here. A few differences, among others, includelistances. Thus, our proposal here could be easily made in
the following: (1) In Ref. 3 all pinned vortices do not move, the lab, and its dynamics readily visualized, as in Ref. 37. In
while here they do(2) In Ref. 3 only the motion of intersti- addition, if some particles have different sizes, their dynam-
tial vortices is rectified, while here only the motion of inter- ics would be different from the other particles, and this could
stitial vortices is not rectifie¢besides a very small interstitial be used for important applicatioris.g., particle segregation
effect which appears only for subthreshold drivés,  and sorting at the microscal® Evidence of this appears in
<F,). (3 In Ref. 3 all individual pins are symmetric, while recent experiment5 motivated by simulation§: Thus, the
here these are nonsymmetiid) In Ref. 3 the coarse-grained impact of the proposal here goes beyond superconductors.
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XIV. CONCLUSION lation results and our conclusions are not dependent on the

In summary, we have studied both numerically and anaSize of the simulation systems used in our study. The effects

. . . ... of disorder on the rectification are also obtained, showing a
lytically the transport of vortices in superconductors W'.th high degree of robustness against moderate amounts of dis-
reg_ular arrays of asymmetric pinning centers when .applym%rder for the pinning traps. These show a clear devil Stair-
a time-dependent alternating “square wave” electrical Cur- ce type structure with plateaus\ig, that behave like the

rent. The asymmetric pinning centers are modeled by th . :
" ) : : rnold tongues in dynamical systems and commensurate
superposition of two interpenetrating square lattices of wea . :
structures like charge density waves.

and strong pinning centers with separattbrwe have found
that the arrays of asymmetric pinning centers can induce a
“diode effect” (Ref. 33 for the vortex motion which results

in a nontrivial dc response when applying an ac current. We
have found a striking oscillation of thé,. response of the We gratefully acknowledge support from the U.S. Na-
vortex motion versus the period of the ac drive. The opti-tional Science Foundation grant No. EIA-0130383. We also
mum magnetic field densityl/H, =1 and the dependence of thank the University of Michigan Center for the Study of
the V4. response of the vortex motion on the amplitkjeof =~ Complex Systems and the Michigan Center for Theoretical
the ac drive and on other parameters was studied. MoreovePhysics. The authors thank useful comments by S. Savel'ev
the V. versusd phase diagram reveals a strong dependencend also thank the Advanced Computing Center at RIKEN
of the nonzero dc response with ac driving for the vortices orfor providing access to their Fujitsu VPP700 supercomputer.
the separatiom between the two pinning sublattices in the VVM is supported by the IUAP, GOA, FWO-V, and ESF
present work. Finally, we have demonstrated that the calcWORTEX programs.
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