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Absolute transverse mobility and ratchet effect on periodic two-dimensional symmetric substrates
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We present a simple model of an overdamped particle moving on a two-dimensional symmetric periodic
substrate with a dc drive in the longitudinal direction and additional ac drives in both the longitudinal and
transverse directions. For certain regimes we find that a finite longitudinal dc force produces a net dc response
only in the transverse direction, which we term absolute transverse mobility. Additionally, we find regimes
exhibiting a ratchet effect in the absence of an applied dc drive.
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[. INTRODUCTION symmetric periodic potential with an applied dc drive in the
x direction and two additional ac drives in both the@ndy
When an overdamped particle is driven with a dc drive, itdirections. We set the amplitudes and frequencies for the two
moves in the direction of the drive, and in the absence of anwc drives separately, and also consider highly nonlinear com-
other external force the particle velocity increases linearlybinations of the ac drives which produce asymmetric closed
with the drive. If there is some form of pinning from a sub- orbits. In all cases, in the absence of a substrate and dc drive
strate, then in general for a finite range of low drives thethe average dc particle velocity is zero. Previous work on a
particle will be immo.bilg or pinnecﬂl,Z]. For higher drives  similar system was performed with much simpler circular
in the presence of pinning, the velocity versus force curveparticle orbits, produced by setting the amplitudes of both ac
can be highly nonlineaf1,2]. For certain asymmetric sub- drives equal to each other and fixing the phase difference at
strate potentials, the particle speed can decrease with increagpe [10].
ing applied drive, an effect that is termed negative differen- |5 the previous work, several symmetrical phases were
tial resistancg3]. Such effects can also occur for collections pserved where the particle moves in both the transverse and
of classical coupled particles interacting with periodic sub-q i ginal directions simultaneously when the dc drive is
(sjtratels[4]_£ ”? a?r?'t'%n’ a pa:ctlcle ma}[/ eXhI'bO'lt adf'ﬂ'te _ar\é_era}ge applied only in the longitudinal direction. In the current work
¢ velocily in theabsenceot any external dc drive. This 1S -, consider the case where the amplitudes or frequencies of
often referred to as a ratchet effect, which can be thefBial . . . .
S . . . the two ac drives aréifferent Here a far richer variety of
or deterministic[6]. Typically in ratchet systems there is : o .
classical closed orbits is realizable. The best examples of

some form of underlying asymmetric potential which leads . T , : . . : ;
to a spatial symmetryybr%akizg if the pgtential is flashed or i1:such orbits are Lissajous figures in which different sinusoidal

an additional external ac drive is present. In the casabef orbits are plotted against one anot_her. o

solute negative mobilitywhen the particle is driven in the ~ Our results should apply to vortices moving in supercon-

positive direction, its motion is in thepposite(negative ~ ductors with periodic pinning arrays or Josephson junction

direction. Examples of this occur in ratchet systems com@rays[11-15 when ac currents are applied in both the

posed of coupled particles, where the collective effects protransverse and longitudinal directions. Additionally, the be-

duce the negative mobility7]. More recently a spatially havior described here should be observable in colloids mov-

symmetric two-dimensional2D) system was found which ing over 2D periodic light arraygl6,17 or through dynami-

exhibits absolute negative mobility forsingleclassical par- cally manipulated arrays of holographic tweezdik].

ticle [8]. Many of these phenomena, such as negative differFurther systems include biomolecules moving through peri-

ential resistance and absolute negative mobility, also occur indic arrays of obstacles with two applied electric figldig],

various semiconductor devices, where they arise due telectrons in a strong magnetic field moving through 2D an-

quantum effect$9]. tidot arrays with an additional ac drive to elongate one di-
In a 2D system, there are additional possibilities for therection of the electron orb[20], or ions moving in dissipa-

motion of an overdamped particle which are not available injve optical trap arrayf21] with ac applied fields. In the case

1D systems. Under an external dc drive in the longitudinal oiof superconductors our results can also have applications for

x direction, the response can be a finite velocity inyher  the controlled motion or removal of flux from superconduct-

transverse direction only. We call such a phenomesinsp-  ors and superconducting quantum interference devices. For

lute transverse mobility colloids and biomolecules our results could provide a useful
In this work we present a simple model for a driven clas-method for separating different particle species.

sical overdamped particle moving in a Z2ymmetricpoten-

tial that exhibits a variety of dynamical behaviors, including

phase locking, absolute transverse mobility, and ratchet ef- Il. MODEL

fects. Additionally, we findreentrant pinning phenomena

where the moving particle becomes pinned upon increasing In our model we consider an overdamped particle moving

the drive. Our system consists of a particle moving over aver a 2D periodic substrate. The equation of motion is
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dr 2a)
f=fs+foctfac= U (1) -

V/a®
T

with the damping constany=1. The assumption of over-
damped motion should be valid for vortices in superconduct- 2M(b)
ors or Josephson junction arrays as well as for colloidal sys- -
tems. The substrate consists of a periodic square array of
obstacles with lattice constaat The force from the sub- -
strate, composed of a fixed square array of repulsive par- 5
ticles, isfs=2—VU(x,y). This substrate can be realized in

V/aw
T

superconductors with a square periodic array of hidlésl 2| g 1-

or magnetic dot§14] when each site captures one vortex and -

additional vortices sit in the interstitial regions between the 0

sites. The interstitial vortices move in a periodic potential 0

created by the repulsive interaction from the pinned vortices foe

so thatU(r)=Fgln(r) for r<2\?/d. Here forces are mea-
sured in units ofF0=d>Sd/16qr)\2, where @ is the flux
quantum,d is the film thickness, and is the London pen- . - ; B
etration depth. This potential can be treated as in 2. ifglzzfgc;nfgéx A;%r:%cs?én plitudes(@) A/B=0.875, (b) A/B
The motion of interstitial vortices has been directly imaged R
in experiments with this geometifj12], and phase-locking —142. In Fig. 1a), at A/B=0.875, V,=0 for fpc
effects and dc and ac driven interstitial vortex motion have_~ ~, . . .~ ' C X :
<0. -
also been observeld3]. For most of the results presented 0.03, indicating that the particle is pinned in thelirec

here we use a svstem of siza'88a. For larger svstems we tion. For fpc=0.03, V, increases in a series of steps of
y ' ger sy heightaw. These steps are a signature of the phase locking

observe the same results, indicating that our system is Iarqfhich occurs due to resonances between the applied ac fre-

FIG. 1. The longitudinal particle velocity,/aw (heavy line$
and transverse particle velociy, /aw (light lines) vs applied dc

enough to capture the essential physics. We have tested dif- :
ferent initial conditions by placing the particle at different uency and the washboard frequency generated as the par

locations at the start of the simulations and find that th ficle moves over the periodic substrate. As shown in Fig.

" 1(a), Vy has a finite value oV, =aw for fp<0.03, indi-
general results are unchanged. Additionally, we have consi c'lt)';lting that even though the dc drive is strictly in theirec-

ered other potentials, such as those created by fixed Coulon% o . T .
. : ion the particle is movingtrictly in they direction. In anal-
charges or Yukawa potentials, and find that they produce th8gy Witr? the phenomega ofy absoIL)llte negative mobility

same phases. ) ) - . where a particle moves in the opposite direction of an ap-
Throughout this work the dc driviyc=fpcx is applied  piied driving force, we term the strictly-direction motion

along the positive longitudinalx(direction symmetry axis  gpsolute transverse mobility. For large enough drivigg,

of the pinning array. The ac drive is applied in both #¥®nd >0 16, the motion is strictly in the direction. At interme-

y directions and is given by diate drives, 0.08fpc<0.16, different dynamical phases
_ R R appear. For 0.045f,-<<0.065 the particle moves in the
fac=Asin(wat)x—B cog wgt)y. (2)  direction only, while for 0.0% fpc<0.158, V,=V,, indi-

cating that the particle is moving at 45° with respect to the

Note that there isi0 dc driving component in the transverse drive. There is also a small region nefagc=0.035 where
or y direction. In the first part of this work we sebs  45° motion occurs. In Fig. (b), for A/B=0.625 there is a
=wg, fix B=0.24, and vanA. For A=B the particle moves clear pinned phase at lowfpc where bothV, andV, are
in a clockwise circle just large enough to encircle one maxi-zero. As we increase the drive, we observe the same phases
mum of the substrate potential. Asdecreases the particle shown in Fig. 1a), with the boundaries shifted. Near the
orbit becomes elliptical with the long side in tedirection.  transitions of these phases, smaller step¥,rand V, can
We monitor the time averaged particle velocity,  occur with heighpaw/q wherep andq are integers. In Fig.
=(1er)EtTZOE{“:0vi(t)~>2, whereT is the period andN is  1(c), for A/B=0.375, 45° motion no longer appears. Instead,
the number of particles, and similarly the time averagedhere is a remarkableeentrant pinned phase for 0.1385
transverse velocity/, asfpc is increased from 0 to 1.0 in <fpc<<0.148. Asfc increases, the particle is first pinned,
increments of 2.510 4, with 3X 10 time steps spent at then moves in thg direction, is repinned, and finally moves
each drive to ensure a steady state. Time is measured in units the x direction.
of to= 5/F,. We also investigateg # w, for varied ac am- We next consider the particle trajectories in these different
plitude. In this case we find a ratchet effect. phases. We term the pinned regime phasethe absolute
transverse mobility regime phasg llthe 45° motion regime
phase ll}.,, and the strictlyx-direction motion phase LV.
In Fig. 2 we illustrate these phases for fixed valued gf

In Fig. 1 we plotV, (heavy ling andV, (light line) versus  from the system in Fig. (&8 with A/B=0.875. The black
fpc for different values ofA/B at fixed wa/wg=1 anda lines are the trajectories of the moving particle and the black

Ill. ABSOLUTE TRANSVERSE MOBILITY
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FIG. 3. Dynamic phase diagram fév/B vs fpc for a system
with wp=wg. Phase J: pinned phase. Phasg, {lmotion only in
the y direction. Phase Ijl,: motion at 45°. Phase M/ motion
only in thex direction.

in width until A/B~0.43, when phase ll}, appears. The

©) @ reentrant pinning phasg tecreases in size and then disap-

) _ ) _ _ _ pears over this same interval. There is also a small region

FIG. 2. The particle trajectoriefblack lines for a fixed time aroundA/B=0.43 where phaseylland phase Il<l.y are both
interval for the system in Fig.(&) with A/B=0.875. The black dots  oantrant. A reentrant tongue of phase Bt low drives ap-
are the potential maxima of the periodic substrate. fpc rs forA/B> At all val B. the flow at lar
=0.025, phase JI; (b) fpc=0.0375, phase ljl,; (c) fpc=0.06, pears fo ./ .0'55' t_a alues OoR/B, the flo a_lt arge

i y fpc is strictly in thex direction (phase I\). The width of
phase 1\,; and(d) fpc=0.125, phase Ijl, . . P .

the pinned phasejlincreases upon approachigB=1

dots are the potential maxima of the underlying periodic subfrom below since the almost circular particle orbit around
strate. Figure @) shows the trajectory of the moving particle one potential maximum is highly stable. Motion in tlye
in phase I at fpc=0.025. In every period the particle direction(phase ) still appears for the symmetric ac drive
makes a small loop, but the net motion of the particle is inA/B=1 due to the fact that the particular chirality of the ac
the positivey direction only. In phase ljl,, shown in Fig. ~ drive breaks the reflection symmetry across yfeeis.
2(b) for fpc=0.0375, the particle moves equal distances in For A/B>0.6, the sliver of reentrant phase,l|! falling
thex andy directions. Atf,c=0.06, illustrated in Fig. @),  between phases,lland 1V, becomes gradually smaller as
the phase Iy motion is strictly in thex direction, and the A/B increases until it vanishes abo#¢B=0.88. The tran-
particle translates a distaneeevery period. In Fig. @) we  sition from phase |l to phase Iy at higher values of/B
show the reentrant phase,l|l flow for fpc=0.125, very =>0.88 occurs in a very small window dfyc but is not
similar to that seen in Fig. (B). For higher drivesfpc ~ completely sharp. Instead there is a small region where the
>0.16, the motion is strictly in the direction and is similar  flowing particle moves in both theandy direction but at an
to Fig. 2c). angle less than 45°. The flow is intermittent and jumps
For the simulations shown in Figs. 1 and 2, the particleamong different orbits or angles. We have also considered
initially begins in the center of the plaquette with zero-dcthe effect of starting the particle at a nonzero fixgd in the
drive. We considered the effect of both using different startiransition region between phasegdhd 1V, and find that the
ing locations and settinfj to a finite initial value. In each flow will settle quickly to phase |lor IV,.
case we find that the particle quickly settles into a regular We now consider the conditions under which transverse
orbit. The orbits that appear whaf or V, is constant cor- mobility and the reentrant pinning can occur, and indicate
respond to the same periodic, phase-locked attractor orbitghere the boundaries between the different phases are ex-
that were obtained previously in Figs. 1 and 2. We do findrected to fall.

some nonperiodic orbits in the regions whatgor V, are Pinned phases,land I. The particle remains in the
not constant, such as in the transition regimes between thginned phaseg,las long as the combined dc and maximum ac
different phases. components are less than the confining barrier produced by

We performed a series of simulations at different valueghe repulsive obstacles. This barrier has a strong angular de-
of A/B to identify the onset of the four phases as a functionpendence due to its egg-carton shape, and the lowest points
of fpc. In Fig. 3 we present the resulting dynamic phaseof the barrier fall at the center of each of the four sides of the
diagramA/B versusfpc which shows a very rich structure. plaquette, ak.,, andy ., where thex- or y-confining forces
For A/B=0 the system depins directly into phase, I&d pass through a minimum. The largest thresholds occur for a
there are no phases that involve motion in thdirection.  particle trajectory along a 45° angle passing through the po-
Phase | first occurs forA/B>0.03, and gradually increases tential maximum. AfA/B~0.88, a transition to a new pinned
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phase;; occurs. ForA/B<0.88, the pinned particle orbit is ] T
| LIL| IV, ) IOL, I

contained inside a single plaguette. AgB>0.88, the orbit
becomes too large to fit inside the plaquette, and the particle
switches to a larger orbit centered around one of the potential 17

/
i
i
i |
maxima. )
Transition from |, to I1,. ForA=0 and fixedB, the par- @1 6l ,‘ i
o "' /
!
:‘
I
!
I

ticle orbit consists of a single line extending from the top to
the bottom of the plaquette, close to the minimum
y-confining force points of the potentiay,,,. Due to this L5k
proximity induced by they component of the ac drive, the
particle depins in they direction beforeit depins in thex !
direction for nonzero values &, and enters phasell The 0 —50 ol 013
particle hops from one plaquette to the next plaquette in the e
positivey direction during a brief interval at the end of the

FIG. 4. Dynamic phase diagram for substrate lattice constant

rising phase of the particle orbit. In order to make this hop, _ _
the particle must be moving rapidly enough to reach the nexYs foc for a system withA=B and wa=wg. Phase J: pinned

plaquette before the ac phase reaches the downward porti@f2se- Phase,li motion only in they direction. Phase I{l, : mo-
of the cycle. Increasindipc or increasingA both contribute 1N at 45°. Phase Iy motion only in thex direction.
to increasing the velocity of the particle during the hop. The
minimum f ¢ value required to permit the particle to hop at higher values off-, the y motion ends and the particle
low but nonzeroA is fpc~0.11. AsA/B increases, th&  moves only in thex direction in phase Iy. As the drive is
component of the ac force also contributes to the particléurther increased, stablg motion becomes possible again,
velocity during the hop, so the value 6hc that must be and the particle enters a wide region of phasg,|lI
applied to inducey direction motion drops, such that the  Transition from I,y to 1V, at high foc. As fpe is in-
particle velocity during the hop at the onset of phase Il creased further, thg direction motion of phase Ii, ends
remains roughly constant #§B increases. when the particle orbit becomes so extended inxlurec-
Transition from 1|, to 1,,. As fg increases further within  tion due to the increasefl,¢ that it can no longer depin in
phase I}, for A/B<0.45, a transition to a reentrant pinned they direction since it has moved away from theninimum
phase occurs. Here, the velocity of the particle has in- |ocationy,, .
creased enough so that the particle is swept past the mini- we next consider the effect of changing the density of the
mum in they-confining potentialy;, before it has time to  system. We achieve this by performing a series of simula-
hop to the next plaquette. Thus the particle returns to aions for fixedA/B= 1.0 while varying the lattice constant of
pinned orbit. The |-, transition line moves to highefy  the periodic substrate and changing the system size accord-
with increasingA/B due to the fact that the time required for ingly. This increases the effective substrate strength since it
the particle to complete its hop to the next plaquette drops a@icreases the barrier to hop from one plaquette to another. In
A/B increases. Therefore, a highigyc is required to sweep Fig. 4 we show the phase diagram of the substrate lattice
the particle pasy,.,, before the hop is complete. constant versusfpc. We consider lattice constants ranging
Transition from |, to 1V,. Beyond the second pinned from 1.4 to 1.8.. New dynamic phases appear for lattice
phase |, asfpc is further increased, the particle orbit is constants outside this range. For smaller lattice constants
shifted closer to the minimum in theconfining potential on  <1.42, the zero-dc drive orbits start to encircle two or more

the right side of the plaquett,,,, and when the combined potential maxima. For larger lattice constanas; 1.8, the
phases start to show disordered or chaotic behavior, and

ac and dc forces in th& direction exceed the potential
strength at this minimum, the particle depins in the positive phasesJ to IV, become difficult to define. Figure 4 shows
direction. ForA/B<<0.45, fpc at the depinning transition that the width of the pinned phasg dgrows for denser sys-
decreases with increasilfy/B due to the fact that the ac tems, as expected due to the increased barriers for inter-
force also contributes to the net x-force on the particle. Thigplaquette jumps. It might be expected that phagenbuld
contribution saturates aA/B~0.45, when the [, line  grow for smallera as the plaguettes shrink; however, the
meets the J-IV, line and the reentrant phase disappears. increased repulsion caused by the shorter distance between
Transition from I, to 1V,, with a reentrant Ill.,. For  the potential maxima and the particle causes the particle orbit
A/B>0.45, asfpc is increased, the particle motion leavesto shrink as well. Phase lland the first phase L/both
phase If, passing briefly through a sliver of phase,|l ~ shrink with decreasing, while the second onset of phase
before entering phase [V with motion in thex direction IV occurs at a lower value df ¢ since the particle does not
only. Depinning of the particle in the direction first occurs need to move as far in thedirection in order to reach the

when thex component of the ac drive combined with next plaquette. _ .
exceeds tha confining force of the potential aty;,. At this We have also considered the effects of adding a phase

value of fpc, the particle is moving in both the andy shift to the ac drives. We shift the phase of theomponent

directions in phase I|l, . Due to the x-motion of the particle, of the ac drive bys: A sin(wat+ S)x. This causes the particle
however, they motion becomes unstable, and at slightly orbits to become tilted and elliptical. We restrict ourselves to
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V /amg

FIG. 5. Dynamic phase diagram for the phase shift units of
2/ vs fpc for a system withw = wg andA=B. The phase shift is
added to thex component of the ac drive. Phasg binned phase.
Phase Ij: motion only in they direction. Phase I{l,: motion at
45°. Phase Iy: motion only the in thex direction. 0250 P o075 ey 0054

the region —0.05/r<$<0.1/ in phase space where the

four phases described above occur. For larger shifts nev

phases can arise. In Fig. 5 we plot the phase diagramas | * * ° st ° °
function of phase shif6 versusfpyc. At §= /2 the ac orbit ¢ c e . °
would be a straight line along 45°. Figure 5 shows thad as I s ¥ @ J s @
increases from zero, which corresponds to the elliptical orbit | « « -« o o e . o
being tilted toward the right, phasg, lincreases in size and T e o . . . .
phase | decreases in size. For large enough shiftgphase .« o o o o . o« .
lll., disappears. For negative phase shifts a new regiono | , , . . o o . . o
phase 1\ appears between phasgs dnd Il,. For large P e . . . . .
enough negative phase shifts we observe a ratchet effect i

which the particle moves in th& direction with zero-dc
Qr|ve. We d|scus§ this more |n-the following sectlon..AIS(_) for  FIG. 6. (@) Transverse velocity/, /awg vs A at fpc=0 andB
increasing negative phase shifts, phaseddcreases in size =0.34 for a system with an asymmetric ac drivg,/w,=0.8. (b)
while phase Il}., increases in size. Longitudinal velocityV, vs fpc for a system aB/A=0.7 showing
a negative ratchet effect & -<0.0075.(c) Particle trajectory for a
positive V,, orbit from panel(a) at A=0.285, B=0.34, andfpc
=0. (d) Particle trajectory for a negatiwé, orbit from panel(a) at
The elliptical ac drives in the preceding sections preservé=0.5,B=0.34, andfpc=0.
the combinedx andy reflection symmetries of the system.
The ac drives with additional asymmetries can produce a ne e s : :
dc motion or ratchet effect in the absence of a dc drive. Wé!C velocity in theoppositedirection of the applied dc drive.
consider a system withpc=0 under an asymmetric applied " Fi9- 6b), we plotV, versusfpc for a system withfac
ac drive of the form :ASin(wAt)X_ B COS@Bt)y, B/A:07, and wA/wB= 1.85.
Here there is a regime<0f,-<<0.0075 where the particle is
moving backwardwith respect to the dc drive, which is ap-
plied in the positivex direction. The system enters a pinned
phase for 0.009fy-<0.014 before beginning to move
where wg/w,=0.8. In Fig. Ga) we plot V, versusA for  strictly in the positivex direction for f5c>0.014. We note
constantB=0.34 andfpc=0. In this regimeV,=0. There that this negative velocity in opposition to the dc drive is not
are a series of regions for increasiAghat have a finite dc a negative mobility regime. Instead, it is a ratchet effect
value ofV, in both the positive and negative directions, in- which can persist for a range of opposite dc drive. The fact
dicating a ratchet effect with velocigwg/2. In Fig. 6c) we  that there is a finite negative velocity evenfal-=0.0, as
illustrate a positiveV, orbit from the system in Fig.(®) at  seen in Fig. ), shows that the dc drive is not causing the
A=0.285. The orbit has alternating lobes which are angledhet dc motion.
in the positivey direction. In Fig. &d) we show that the A basic question is what are the minimal ac drive criteria
negativeV, orbit at A=0.5 is composed of an alternating required to produce a ratchet effectfaic=0.0. In general
double rectangular orbit which is tilted in the negatiye we find that ratchet effects occur for ac drives in which at
direction. least one of the spatial reflection symmetries is broken.

IV. RATCHET EFFECTS

We have also found ratchet regimes where there is a finite

fac=A[SiNwat) + SiP(wgt) ]Xx— B cog wgt)y,  (3)
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substrate withA=1.0. In Fig. §a) we show the particle mo-
tion over the substrate fdr,=0.0. The particle translates
in the negativey direction. Figure 7@ shows that the ac
drive breaks a spatial symmetry across yhaxis. The orbit
of the particle thus breaks amaxis symmetry. In Fig. (€)
we plotF, versusF, for foc=A sin(wat)x— B cos@gt)y with
A/B=1 andwp/wg=1, and in Fig. 7d) we plotF, versus
Fy for fac=Asin(wat)x—B cos(wgt)y with A/B=1 and
wplwg=1. These drives do not produce a zero-dc ratchet
effect, and these orbits do not break a reflection symmetry.
As indicated in the phase diagram of Fig. 6, the addition of a
phase shift to the ac drive in thedirection produces another
simple ac drive that exhibits a zero-dc ratchet effect. In Fig.
8(b) we show a particle orbit under the addition of a negative
phase shift, fac=A sin(wat+3dX—B coswgt) with &

0 05 =0.287,A/B=1, andwp/wg=1, that produces a zero-dc
R ratchet effect in thex direction.F, versusF, for this orbit is

FIG. 7. (a) and(b) F, vs F, for ac drives that produce a ratchet illustrated in Fig. 7b). The ac drive in Fig. (b) breaks both
effect. (@) fac=A sin(wat)X+Asin(1.5wat)X—B cos(l.mgt)y,  thex andy reflection symmetries. We note that even if an ac
A/B=1, A=1, andws/wg=1. (b) Aratchet effect produced by a drive breaks a reflection symmetry it does not necessarily
phase shift:fc=A sin(wat+ 8)x— B cosgt), §=0.287, AIB=1,  produce a zero-dc ratchet. However, we have never observed
and wa/wg=1. (¢) and (d) Fy vs F, for ac drives that do not Zzero-dc ratcheting for symmetrical ac drives.
produce a ratchet effectc) fac=A sin(wat)X— B cosfgt)y with
A/B=1 andwp/wg=1. (d) fac=A sin(wat)x— B cos(wgt)y with
A/B=1 andw,/wg=1. V. SUMMARY

: . We have presented a simple model of a particle driven in
An example of a S|.mple ag dnvg tha’f produceis a two-dimensional symmetric periodic substrate with an el-
zero-dc ratchet effect i$xc=Asin(wa)x+Asin(1.5t)X Jiptical ac drive. In certain regimes, the particle moves
—B cos(1.5pgt)y, with A/IB=1 andws/wg=1. InFig. @a)  strictly in they direction when the dc drive is applied in the

we plot F, versusF, for this ac drive in the absence of a x direction. We term this effect absolute transverse mobility.

(b)

FIG. 8. The particle trajectorieblack line for a fixed time interval and-= 0.0 for motion in a 2D periodic substrate with potential
maxima located at the black dot®) A ratchet effect due to the breaking of a reflection symmetry. The particle moves in the neggative
direction when driven with the ac drive shown in Figa)7 foc=A sin(wat)X+ A sin(1.5wat)x— B cos(1.5gt)y, A/B=1, andwa/wg
=1. (b) A ratchet effect produced by the addition of a phase shift. The particle moves in the padiiiestion when driven with the ac
drive shown in Fig. t): fAC=ASin(wAt+(§))A(* B cos(wgt), 6=0.287,A/B=1, andws/wg=1.
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Additionally, we have mapped several dynamic phase diaeolloids in optical trap arrays, and biomolecules moving
grams for this system, which feature a number of dynamicathrough a periodic obstacle array.

phases including simultaneous motion in thandy direc-

tlons, as well as a reen_trant'pmned phasg. For ac drives ACKNOWLEDGMENTS
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