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Nonequilibrium dynamic phases and plastic flow of driven vortex lattices in superconductors
with periodic arrays of pinning sites
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We present results from an extensive series of simulations and analytical work on driven vortex lattices
interacting with periodic arrays of pinning sites. An extremely rich variety of dynamical plastic flow phases,
very distinct from those observed in random arrays, are found as a function of an applied driving force.
Signatures of the transitions between these different dynamical phases appear as very pronounced jumps and
dips in striking voltage-current(l) curves that exhibit hysteresis, reentrant behavior, and negative differential
conductivity. By monitoring the moving vortex lattice, we show that these features coincide with pronounced
changes in the microscopic structure and transport behavior of the driven lattice. For the case when the number
of vortices is greater than the number of pinning sites, the plastic flow regimes include a one-dimda&ipnal
interstitial flow of vortices between the rows of pinned vortices, a disordered flow regime where 2D pin-to-pin
and winding interstitial motion of vortices occurs, and a 1D incommensurate flow regime where vortex motion
is confined along the pinning rows. In the last case, flux-line channels with an incommensurate number of
vortices contain mobile flux discommensurations or “flux solitons,” and commensurate channels remain
pinned. At high driving forces, the 1D incommensurate paths of moving vortices persist with the entire vortex
lattice flowing. In this regime, the incommensurate channels move at a higher velocity than the commensurate
ones, causing incommensurate and commensurate rows of moving vortices to slide past one another. Thus
there is no recrystallization at large driving forces. Moreover, these phases cannot be described by elastic
theories. Different system parameters produce other phases, including an ordered channel flow regime, where
a small number of vortices are pinned and the rest of the lattice flows through the interstitial regions, and a
vacancy flow regime, which occurs when the number of vortices is less than the number of pinning sites. We
also find a striking reentrant disordered-motion regime in which the vortex lattice undergoes a series of
order-disorder transitions that display unusual hysteresis properties. By varying a wide range of values for the
microscopic pinning parameters, including pinning strength, radius, density, and the degree of ordering, as well
as varying the commensurability of the vortex lattice with its pinning substrate, we obtain a series of interesting
dynamic phase diagrams that outline the onset of the different dynamical phases. We show that many of these
phases and the phase boundaries can be well understood in terms of analytical arguments.
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[. INTRODUCTION tice can become very disordered. As the external driving
force is further increased, larger portions of the lattice be-
come mobile until, for high driving, the entire lattice enters a
Many condensed matter systems can be understood imiform flow stage in which the vortex lattice is much more
terms of a periodic elastic lattice driven over a disordered>rdered than in the plastic flow or pinned regimes.
rigid substrate. These systems include flux-line lattices in These different flow phases have permitted the construc-
superconductors;*® Josephson junctior®, charge-density tion of a dynamic phase diagram as a function of pinning
waves?"3 magnetic bubble arrayS,Wigner crystald® and ~ Parameters, temperature, and driving fdpéd2’ 3L 2Slmlllar
models of friction** Recently, intense interest has focusedresults have been obtained for charge-density-wave
on the onset of motion, dynamic phases, and topology O$ystem§.*_ It has been suggested that the onset of ordering
lattices as a driving force is increased. For superconductingt the uniform flow phase is sudden and represents a true

systems, experimental work in neutron scattefihgoltage-  Phase transition to a moving solid or crystal with long-range
current V(1) measurementé=2 and decoration experi- order® Recently, other studies have suggested that this is not

ments?*?° as well as theoretical work®2-3237have sug- the case and ch%tsth?S 3(‘jriven I.a_ttice.is instead a highly ordered
gested that, as an external driving force on the lattice is in[MOVING glasg 283132 7TranS|t_|ons in the dynamical behav-
creased, three distinct dynamical phases appeapin@ed  1OF of the vortex leg)w are believed 't'o be dlrectly related' to
or immobile phase, an amorphopiastic flowphase, and at the peak effect>° where a transition to plastic flow is
high drives an orderedniform flowphase. The plastic flow marked by a sudden enhancement. of thg critical current just
phase begins at the onset of depinning when portions of th@€lowHc(T), near the vortex melting point.

lattice break away and become mobile while other portions
remain pinned. The flow paths at this stage are characterized
by winding channels or percolationlike path&®1433pue Although dynamical transitions have been examined in
to the breaking and tearing during this phase, the vortex latsuperconducting systems where the pinningaisdom they

A. Lattice driven on a disordered substrate

B. Lattice driven over a periodic substrate

0163-1829/98/5@.0)/653431)/$15.00 PRB 58 6534 © 1998 The American Physical Society



PRB 58 NONEQUILIBRIUM DYNAMIC PHASES AND PLASTIC . .. 6535

have not yet been carefully studied in systems wi#hiodic  ces, where the second species, the vacancies, may have dif-
pinning where very different dynamics are expected due tderent dynamical properties than the first species, the com-
the symmetry of the underlying pinning and the tunability of mensurate vortices. This situation and terminology is
the disorder. Periodic pinning occurs in numerous supercorreminiscent of the case of electrons and “holes” in semicon-
ducting systems such as wire netwofké® Josephson ductors.

junctiond**® and layered superconductdfst’ High-T,

samples contain other forms of periodic pinning such as D. Nonequilibrium dynamic phase diagram

that produced by the periodic copper-oxide plaffes. . . .
Recently, increasing attention has focused on samples In order to observe the dynamics of current-driven lattices

with  lithographically created well-defined periodic near commensurability interacting with a periodic array of
pinning structures such as a lattice of microhldg56 ~ Pinning sites, we have performed a large number of current-
or magnetic dot& In such samples theicroscopicparam- driven molecular dynamicéMD) simulations in which we

eters of the pinning, such as the size, depth, periodicity, angxamlne experimentally realizable parameters. Our work is

density, can be carefully controlled. Using Lorentz micros-s'Sé'gﬁiglfme)e;i\q/;ggstﬁgrgr:gsr'v;n 2%%?;'0?%:2 th:rtr;vz
copy techniqued}*®it has been possible to directly image arpth Cth zr ndom arravs. Further P W rkp v rg my h
vortex lattice interacting with periodic arrays of pinning ather than random arrays. FUrter, our work COvers a muc

sites, revealing very interesting commensurability effects H;gzrﬂr]aa':]gﬁszzt?: r?e'flrigzgo&'g Zlim:ﬂzgtigzg Saxllls(;[vevm pﬁrsa:g-
the vortex configurations and dynamics. P ' 9

Extensive work has been done on the interaction of vor-ConStrUCt a variety of detailgd dynamical phase diagrams. A
tices with a periodic “egg-carton” potential as in wire net- much shorter and less detailed account of some of the results

works and Josephson-junction arrays. However, the dynanerevsven;[i?% Tﬁrf C?/n r?exfloL:t?d "(;Ir?/efﬁ 1::]' riodic arr f
ics of vortices in such systems differs significantly from the € at a vortex fattice €n on a periodic array o

case of vortices in periodic pinning arrays we consider in thifINning sites exhibits far nc_her and more complex dynamlca_l
work. In our system the radius of the pinning sites can beohase diagrams than the diagrams produced by systems with

made much smaller than the period of the pinning Iamcerandom pinning arrays. We observe numerous plastic flow

permitting interstitial vortices to appear. The distinctive in- start/es d "’Ilrr:dr \;%rtf:]( l?r:tr:(i:r? st:lrjcture':s ?'Stmcrtt firrcl)r:] rt]hosef Ob'_
terstitial vortex motion is not found in superconducting wire S€ve andom p g arrays. Fora certain range of pa

networks and Josephson-junction arrays. Periodic pinning afameters and when the driving force is increased, we find

rays may also be of technological importance since the a hat there is a counterintuitivérop in the number of mobile
vortices as the system undergoes a transition from one plastic

rays can produce higher critical currents than an equal nun]‘IOW bhase to another. This drop in the number of mobile

ber of randomly placed piné:* This enhancement of : AT e . o

critical currents using periodic arrays has recently been dem\{Ortlces also |_mpI|es a hegative-differential .CondL.‘Ct'V'ty' a

onstrated for highF, systeme5 property that is foqnd in several technologically important
semiconductor devices.

We find that the vortex dynamics is highly dependent on
the commensurability effects. WheB/B,>1, the interac-
tions between commensurate vortices and interstitial vortices

A particularly interesting aspect of periodic pinning ar- give rise to a number of interesting phases, while when
rays where the pin radius is small compared to the IatticeB/BqS:l, a Mott insulatorlike phase aris&sBy systemati-
spacing and where there is only one vortex per pinning site igajly disordering the positions of the pinning sites we re-
that disorder can béine tunedby changing the commensu- cover, in the limit of strong disorder, the dynamical phases
rability. At B/B,=1, whereB, is the field at which the num- found in recent theoretical studies of random pinning
ber of vortices equals the number of pinning sites, the VorteXrayst-6.1014.16,26.31-3g o B/B,>1, and at the onset of de-
lattice is expected to be locked into the periodic pinningpinning in samples with large disorder, we find a distinct
containingtwo species of vortices the pinned vortices that posed predominantly of interstitial vortices, flow around
are commensurate with the array of pins, and the generallijinned vortices. Such intermittent channel phases where
vortices at the pinning sites. The very different dynamicalpeen noted in flux-gradient-driven simulatioig*% A
behaviors of these two species has been observed both whgRase with a network of flowing channels is also observed in
the vortices are current drivéhand when they are field- current-driven Samplé§,16,26,31,32Here’ we examine in de-

H H 0,11,51,52: ; ;
gradient driver!. These different dynamics have also tail the evolution of the network of vortex channels. In par-

been directly observed with  Lorentz MICTOSCOPY icylar, we show that, although some channels are short

techniques” The effect of interstitial vortices &/B,>1, as lived, others are robust under increases of the driving force.
well as the commensurate effects BtB,=1, are also of

major importance in systems with randomly placed columnar
pins, where theoretici®® and experimental®® magnetiza-
tion studies have shown a substantial drop in the critical This work is organized as follows. In Sec. I, we describe
current associated with the appearance of interstitial vorticeshe samples used, our numerical algorithm, and the param-
It is also possible to have a well-defined numbervaf  eters varied. In Sec. Ill, we show in detail the results for a
canciesin the vortex lattice whei/B,< 1. Here, the vortex ~sample with a square array of pinning sites at a field slightly
lattice can be thought of as containing two species of vorti-above commensurability. Current-voltayél) curves, indi-

C. Tunable commensurability

E. Overview
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vidual vortex velocity signals, and images of the vortex mo-the flow found for the square pinning arrays. In Sec. XII, we
tion are presented and correlated with each other, explicitigummarize our results and discuss their relevance to experi-

characterizing the different dynamical phases present. mentally realizable systems.
In Sec. IV we obtain a dynamical phase diagram for the
caseB>B, and explain many of its features by using force Il. SIMULATION AND PARAMETERS

balance arguments that take into account the interactions be-

tween interstitial vortices and vortices in the pinning

sites. In Sec. V we show that significant hysteresis is found We model a transverse two-dimensiofD) slice (in the

for certain phases but not for others, and that the hysteresis sy plane of an infinitely long(in the z direction parallel-

not affected by the sample size. Sharp discontinuities irepiped with periodic boundary conditions in which stiff vor-

V(l), along with the hysteresis, suggest that some of théex lines are parallel to the sample edges., H=H2). In-

dynamical phase transitions are of first order. side the sample, the interacting vortices are driven by a
In Sec. VI, we demonstrate the existence of a transverskorentz force over a quenched pinning background. We nu-

threshold force, as well as the effect of the onset of motion ifmerically integrate the overdamped equations of motion:

the transverse direction on the vortex lattice structure. We

A. Model

also show how the transverse force varies with driving force, fi=f"+ 1P+ 4= nv;. 1)
and discuss the relevance of these results to the recent work ) . eop
by Giamarchi and Le Douss#l. Here,f; is the total force acting on vortex f{'* is the force

In Sec. VII, theV(l) curves and the phase diagram for O" theith vortex 'due to 'interactions with other yortice&‘,’f
varying vortex-pin commensurability are presented. We findS the vortex-pin interaction force, ariglis the driving force;
that the various dynamic phases strongly depend on the conft 'S the net veloc!ty 9f vqrtex andz is the viscosity, V.Vh'Ch
mensurability ratiB/B,. For B,<B<2B,, we observe up is set equal to unity |n_th|s work. The vortex-vortex interac-
to six distinct dynamic phases that arise from the interactionéIon between two vortices located Bl andr; is correctly
of two species of vortices. Fd3>2B, we observe several modeled by ta r_ngdﬁuted I?ﬁssel fltJ.nCt'O.n' Thus the force act-
additional phases. AB/B,=1, only two phases are ob- g on a vortex due fo other vortices 1S
served, and the critical depinning force reaches its highest N,
level, reminiscent of the so-called “Mott-insulator” phase. frr="> fOKl(u)fij . )

For B/B,<1, we demonstrate that the initial plastic flow i= A
occurs by the motion of vacancies.

In Sec. VIII, we derive the dynamic phase diagram pro-
duced when varying the pinning radius. For pins of small 5
radius, we observe a remarkable reentrant disordered dy- f— %o
namic phase. In between these disordered-motion phases 0T gnAA%
there is a channel phase in which the majority of vortices
flow in narrow well-defined interstitial channels. This motion ®o=hc/2e is the elementary flux quantum,is the penetra-
is characterized both by a linear Ohmic response ivfig ~ tion depth, N, is the number of vortices, and;; = (r;
curve and by a reduction in voltage fluctuations. We also find~ r))/[ri—r;|. The force between two vortices decreases ex-
that near the boundaries of this channel phase the systeRpnentially at distances larger thanand we cut off the then

exhibits some interesting hysteresis effects. We show the e]qegllglble force for distances greater than BVe also place

fects of this reentrant behavior on the percentage of sixfolt? cutoff on the logarithmic divergence of the forces for dis-
) : . LS .tances less than O\1 These cutoffs were found to produce
coordinated vortices in the sample. For certain pinning radii

. : . . hegligible effects on the dynamics for the range of param-
some transitions among the various plastic flow regimes ar

8ters investigated. Throughout this work forces are measured
marked by a large drop in the number of mobile vortices. W g 9

§ its of fy, lengths i its ofA, and fields i its of
argue that this drop is a force driven dynamical analog of thqgoljglz? Of o, 1eNgihs In units o, and Telds n Units o

H 19-21,23
thermally driven peak effect observed closeTta The pinning is modeled &, short-range parabolic wells

_In Sec. IX, we show the effects on the dynamic phasqq,cateq at positions(™ . The total force on a vortex from
diagrams of gradually increasing the spatial disorder of theyihar vortices and pinning is

pin array. In the case of large spatial disorder we recover

Here

results consistent with studies on totally random pinning ar- N,

rays. We also present evidence for the existence of distinct fi=> fo 1(|ri d )AIl

regimes of predominantly interstitial channel flow near the i=1 A

initial depinning transition. The characteristics of the chan- Ny ) —|r-—r(p)|

nels are also discussed. +> P |ri_r&p>|@(u)f$)_ 3
In Sec. X we plot the phase diagram for increasing the k=1 Tp A

vortex-vortex interaction strength by means of increasing the ) o o

vortex density. In Sec. XI we present results for a systenfiere,® is the Heaviside step function, is the range of the
with a triangular pinning array. These qualitatively resemblePinning potential,f, is the maximum pinning force of each
most of the results from the earlier sections, although thavell, measured in units offo, and F{=(r;—r{?)/|r;
flow of vortices in some of the dynamic phases differs from— r(kp)l. The pinning sites are placed in periodic arrays with a
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lattice constanta. The driving forcefy is modeled as a 51 and 52. We focus on the vortex motion near the first
constant force that is slowly increased or decreased linearlgnatching field B/B,=1, and systematically examine the
with time. change in dynamics &3/B, is varied.

In implementing the parallelization of the code we take In order to separate the different effects that each of the
advantage of the cutoff in the vortex interaction range. Usinginning and system parametdi., H, f,, B;) have on the
a one-dimensional domain decomposition, we divide thedynamics of the vortices, we fix all the parameters and vary
simulation sample into strips that are multiples of the inter-only one in each of the sections of this paper. Moreover, in
action range in width. Each strip is placed on a separaterder to distinguish the effects of disorder caused by the
node, and message-passing technitjuese used at the pinning from that caused by thermal effects, we $et0.
processor boundaries. Since the vortex-vortex interaction h&Since we are dealing with square arrays of pinning sites near
a finite range, any one strip only needs to communicate witlB,, the ground-state vortex configuration is a square lattice
its two neighboring strips. Due to periodic boundary condi-commensurate with the pinning sites.
tions, the code is run on an even number of nodes. Load In Figs. 1a and Xb), the positions of the vortices and
balancing is simplified by the repulsive nature of the vortexpinning sites are shown fd/B,<1, (a), andB/B,>1, (b).
interaction that tends to spread the vortices evenly among the¢acancies appear in Fig.(d and interstitial vortices are
processors. With flexible domain decomposition the numbepresent in Fig. (b). The initial ground states are obtained in
of processors can be varied without affecting the results. Thene of two ways. The first is simulated annealing, in which

code is run on a IBM SP parallel computer. we start from a high-temperature vortex lattice and cool it
down. In the second approach, we put down a commensurate
B. Parameters vortex configuration and randomly add vortices to the inter-

i _ - stitial regions forB/B,>1 or randomly remove vortices to
We typically increase the driving force by 0.00@%very  .reate vacancies fd/B,<1. For B nearB;, the resulting

400 MD steps for a range diy ranging from 0 to 0.8%;  gynamics are identical using either method.
using slower rates produces negligible differences. For this

work we consider the driving force to be in tlxedirection
along a symmetry axis of the periodic pinning array. We IIl. VOLTAGE-CURRENT CHARACTERISTICS
examine the average of the velocities in theirection AND PLASTIC FLOW REGIMES

N, In Fig. 2 we present a typical series of voltage-current
1 E V(1) curves as a driving forcg, is slowly increased linearly
X_N_ < (4) in time from zero, for samples witB/B,> 1 [illustrated in
Fig. 1(b)] and f,=0.625, (@), 0.37, (b), and 0.187, (c).
as a function of driving, writing ouv,, every 100 to 400 MD  The strong-pinningV(l) curve in (a) exhibits several re-
steps. This quantity is related to a macroscopic measuredarkable features that can be clearly seemliasontinuous
voltage-currend/(1) curve. HereN, is the total number of jumps in the net vortex velocity in thedirection,V,. In the
flux lines in the system. first part of the curve, as the driving force is increased, the
Since MD simulations are computationally intensive, andvelocity signal is zero, indicating that the vortex lattice is
we wish to vary many parameters in order to investigatepinned. At approximatelyf4=0.146,, a finite velocity ap-
several phase diagrams and generate a complete picture pgars due to the depinning of the weakly pinned interstitial
the dynamic phases, considerable effort has been put inteortices, and theV(l) curve becomes linear. Atfy
optimizing our algorithm. We use a cell-index method as~0.40&, there is avery sharp jumpp inV,, indicating a
well as force tables for the vortex-vortex and vortex-pin in-sudden increase in the number of mobile vortices. It can be
teractions so that excessive function calls are avoided duringlearly seen that the voltagleictuationsbecome much larger
program execution. More importantly, the simulation alsoafter this jump. Atf4=~0.462f,, we see audden dropn V,
uses a high performance parallel processing technique. and a suppression of the fluctuations\Mp, indicating that
We focus on a system of size B&36\; however, to  the number of mobile flux lines has dropped and is remain-
study finite-size effects, we have also computed several hysng constant in number. Finally, betwedg~0.595, and
teresis runs with system sizes of up toAB272\. The pa- f4=0.6125,, which is slightly smaller than the pinning
rameters we vary include the vortex density, the pinning  force of each pinning sitd,,=0.625,, we see another large
site densityn,,, radiusr,, strengthf,, and spatial distribu- increase iV, that continues until the entire lattice becomes
tion. We will consider only the case where the vortex latticemobile. At this point, forf 4;=0.625,, theV(l) signature is
is driven along a symmetry axis of the periodic pinning ar-linear. Each of these features in #4€l) curve correspond to
ray. Results for general driving angles will be presentedlifferent vortex flow regimes that we label | through V. Re-
elsewherd?® gion | is the pinned phase, and phases Il through IV are
We use pinning parameters that are experimentally acceplastic flow phases in which portions of the vortex lattice
sible and are close to those used in recent experimérts. move while other portions remain pinned. Phase Il appears
For the density of pinning sites we have investigated a rangenly whenf,>0.37,, and the range of driving forces over
from n,=0. 1A? to 0.7A2, and the corresponding number of which IV appears increases with increasing pinning strength.
pinning sites varies frord, =130 toN,=907, respectively. In Fig. 2b) for a sample with weaker pinningf(
Experiments use samples with a fairly low density of pinning=0.37 ;) phase Il is lost and the vortex flow jumps directly
sites, so we focus on a square array with a pinning density ab phase lll. There is also no sharp discontinuity in the tran-
np=0.25/)\2, as found in the experiments described in Refssition from phase Il to phase Ill; however, the transition from
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FIG. 1. () Vortex and pinning locations fd8/B,=0.94,f,=0.625,, r,=0.3\, B(,,=0.251>0/)\2, andfy=0. In (b) the same parameters
as in(a) are used but now/B,=1.06. Vortices are indicated by black dots and pinning gifest are placed in a square aryaye denoted
by open circles. Ina) the vortex lattice has three vacancies and no interstitialéh)lall the pinning sites are occupied and five interstitial
vortices can be seen in the areas between the pins.

region IIl to region IV still shows a discontinuity. The onset percentage of flux lines that are mobile at a specific driving
of phase V now occurs d=0.37,=f,. In Fig. 2c) fora  force, we define the following measure based on the net ve-
sample with even weaker pinningf,0.187), both re-  locity in the x direction:
gions Il and lll are lost. The vortex flow goes directly from
phase | to IV and jumps to phase V fgt=0.187%,. Region Vy
V is the homogeneous flow phase where the entire vortex o= m
lattice is flowing but doing so plastically. d
To show explicitly that the features in thé(l) curves
correspond to different nonequilibrium dynamical flow
phasesin Figs. 3 and 4 we show a series of snapshots of th
vortex positiongleft panel$ as well as trajectory line§ight
panels indicating where the vortices have flowed during a
short period of.t|m<.a for regions |l through.V of the voltage- the interstitial vortices flow in region Il and that the motion
current curve in Fig. @). The vortex lattice structure for is constrained to move in 1Bhannelsbetween the rows of
region I,.wher.e the appl?ed Qriving forqe is too weak to depinpmmng sites due to the square symmetry imposed by the
any vortices, is shown in Fig.(lh). In Figs. 38)-5(d) plots  pinned vortices. Figure (8 shows that the velocity of the
of the velocity of an individual vortex versus time for re- mopjle vortices is never zero and that it has an oscillatory
gions Il-IV also show the very different types of vortex componerf since the energy landscape imposed by the vor-

dynamics present in each phase. It is important to point oUices pinned at the pinning sites has the same square period-
that the vortices in interstitial locations are pinned by thejcity as the pinning array.

magnetic-repulsion caging effect of the vortices trapped at
pinning sites.

®)

For region I,o has a value otr=0.06, indicating that only
éhe interstitial vortices are mobile since the percentage of
vortices aboveB, is also B—B,)/B,=0.06. Figure &)
shows the flow in region Il of th&/(I) curve with outlines of
the paths the vortices have followed. This confirms that only

B. Phase boundary I-lI

For the case of strong pinning when region Il exists, as in
Fig. 2(a), we can make a simple estimate of the threshold

Figure 3a) presents a “snapshot” of the vortex locations driving force needed to depin an interstitial vortex by con-
at a single instant in region Il of the voltage-current curve.sidering the balance of forces when there are two species of
This figure shows that the mobile interstitial vortices are lo-vortices, interstitial and pinned. An interstitial or incommen-
catedbetweerthe rows of pins. The vortex lattice structure is surate vortex will feel a force from commensurate pinned
essentially the same for regions | and Il. To approximate theorticesfi,c.c= fincomm-comm fOrces from other interstitial in-

A. Interstitial 1D vortex channels
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FIG. 2. Average vortex velocity/, versus driving forcefy for B/B,=1.062,r,=0.3\, and B¢=0.2@0/)\2, with the pinning sites
located in a square array and different pinning forcel®) f,=0.625,, (b) f,=0.37,, and weak pinning casg) f,=0.187,. The
driving force f4 is linearly increased slowly from 0 to 0.82& In (a) several remarkable jumps in the curve can be clearly seen. These
correspond to transitions between different phases in the dynamical behavior of the driven lattice. We have labeled these phases using
Roman numerals. In region | the net velocity is 0, corresponding to a pinned phase. In region I, a finite Wgl@gpears and the system
exhibits a linear Ohmic behavior. Region llI, falling betwelga=0.41f; and f 4=~ 0.46f, in (a), has its boundaries marked by sharp jumps
in V,. The fluctuations in the velocitie8V, in this phase are much more pronounced than the velocity fluctuations in region Il. Phase 1V,
falling betweenf 4~ 0.46f , andf4~0.61f; in (a), corresponds to the 1D incommensurate phase, where both the average @ity the
average velocity fluctuations are smaller than in region lll. Phase V corresponds to the phase dpan@iéaf in which the entire vortex
lattice is moving, but with the commensurate rows moving slower than the incommensurate ones. There is no recrystallization at higher
driving forces and the vortex motion is always plastic.(f, for weak pinning the vortex flow goes directly from the pinned phase | to
region lll, with the interstitial-flow phase Il lost. Ift) for even weaker pinning the vortex flow goes directly from region | to region 1V, with
phases Il and Ill lost.
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FIG. 3. Snapshotdleft panel$ and trajectorieqright panel$ of the vortex lattice for phases (1D interstitial channejsand IlI
(disordered flowof Fig. 2(a). The vortices are represented by black dots and pinning sites by open circles. The trails, where the vortices have
been moving eastbound along tkdirection, are indicated by the trajectory lines on the right pari@lsA snapshot of the vortex lattice in
phase Il with 10 interstitial vortices; note the similarity with the lattice structure in the pinned region |, shown inligbl Region I
corresponds to the 1D motion of interstitial vortices between the pinning rows) bnd (d) the strikingly different vortex structures and
flow paths of region Il can be seen. Here the vortex lattice is no longer square but is disordered, with vortices moving in and out of the
pinning sites. The flow paths ifd) now wind in a disordered manner in both tk@ndy directions. Further, it can be seen from the trails
that vortices are now jumping in and out of the pinning sites.

terstitial vorticesfnc.inc and the driving forcé4. An intersti-  Fig. 2@, we consider only the interactions with the com-
tial vortex will thus remain immobile as long as mensurate pinned vortices and the driving force and neglect
the interactions between pairs of incommensurate vortices.
When there is no driving force the interstitial vortices sit in
the center of the interstitial locations, and each has four
nearest-neighbor commensurate pinned vortices. As the driv-
ing force is increased, the interstitial vortex will start to shift
For the case when there are few interstitial vortices, as ifin the interstitial location and experience a restoring force

finc-ct fincinct fa=0.
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FIG. 4. Snapshotéeft panel$ and trajectoriegright panel$ of vortices for regions IM1D incommensurate flomand V (incomm. and
commensurate plastic flovof Fig. 2(@). In (a) and(b) we can see that the vortex lattice structure and flow patterns are quite different from
those shown in Fig. 3. Ifa) vortices are now aligned with the pinning rows, with certain rows forming 1D incommensurate structures. In
(b) it can be seen that the motion in region IV is 1D, but unlike the interstitial flow in phase Il, where the vortices liiemegrthe pinning
rows, the vortices now flovalong the pinning rows. Rows containing an incommensurate number of vofiieeswhere there are more
vortices than pinning sitgsare the only places where motion is occurring, while rows with a commensurate number of vortices remain
pinned. In particular, note that the first, second, fourth, seventh, and (eimthmensuraterows from the top edge remain pinned while the
remaining incommensurate rows slide past the commensurate ones. Flux motion in phase IV, stipwociturs through mobile vortex
discommensurations. These “flux-solitons” propagate at a faster speed than the actual vorticesnbh(d) the entire vortex lattice is
moving in 1D paths along the pinning rows, corresponding to phase V. The vortex lattigeismot triangular, but is similar to that seen
in phase IV. The defects caused by the incommensurate voftisEmmensurations or flux solitondo not heal out since vortex motion
in the transverse direction does not occur in regions IV and V. The incommensurate rows are more mobile than the commensurate rows so
they slip pastthe commensurate rows; thus the vortex motion is always plastic.

from the commensurate pinned vortices. Since the vortex
interactions decay exponentially with distance, the dominant
restoring force on an interstitial vortex comes from the four J1za
nearest commensurate pinned neighbors. The maximum re- -2 fOK1<—> codarctari3)]. (6)
storing force occurs when the interstitial vortex has shifted 4N

halfway between its zero driving position and the pinning

site. An estimate for the threshold force is Using this equation with the parameters from Figa)2

fq=2 foKl<%) cogarctari2)]



6542 C. REICHHARDT, C. J. OLSON, AND FRANCO NORI PRB 58

15 . . , for phase Il in theV(l) curves can be seen, indicating that
L (a) I ] the number of mobile flux lines is rapidly fluctuating. Figure
1.0 - _ 3 presents the vortex positior{s) and trajectorieqd) for
x I ] region Ill of Fig. 2a). We see that the vortex lattice structure
> and flow pattern is of a remarkably different nature than that
0.5 i observed in the interstitial flow phase Il. The vortex lattice
/\/\/\/\/\]U\/\/U\/\/WV\MN\/\ has now becomeisordered and the vortex trajectories are
0 : I ’ no longer 1D but move iboththe x andy directions. It can
L (b) m 1 be seen that some pin-to-pin vortex motion now occurs. Un-
10 F - like the motion in phase Il, where only the interstitial vorti-
> ] ces move and vortices at the pinning sites remain pinakd,
05 L | the vortices in region Ill take part in the motion with any one
’ vortex moving for a time and then being temporarily trapped.
. ) Figure §b) shows the velocity of a single vortex in region
0 ©) lll. The velocity is not periodic as in phase Il, Fig@, but
I v shows irregularities, including sharp bursts followed by pe-
1.0 . riods of no motion.
>>< E
05 - u L M h D. Phase boundary II-1ll: interstitial and disordered
L flow phases
0 : . : . To understand the crossover from the 1D interstitial flow
- (d) N 1 phase Il to the disordered 2D flow region Ill, we consider the
1.0 balance of forces in a sample with two kinds of vortices,
xS I J interstitial and pinned, just as in the crossover from region |
05 1 [ f | to region Il. Interstitial vortices exert a forcdi,;.c
) = fincomm-comm ON @ commensurate vorteklenoted by the
subindex ¢ while commensurate vortices exert a fofggon

0 0 ' 5 * 10 this vortex. In the simple case when there are no interstitial
MD Steps X 104) vortices, commensurate vortices stay pinned as londyas
( P <f,. When interstitial vortices are present, they move be-
FIG. 5. The velocity of an individual typical vortex in a system tween the rows of the lattice of pins and exert an additional
with the same parameters as in Figa)2In (a) an interstitial vortex  force on the pinned vortices, resulting in an earlier depinning
in phase Il moves with a velocity periodic in time caused by its transition. A commensurate vortex at a pinning site remains
interactions with pinned vortices that form a periodic barrier topinned by the force from the pinning site as long as the
motion. The velocity of the interstitial vortex is never zero(tha  following force balance inequality holds:
typical vortex in phase Il has a disordered motion, with intervals of
time where the velocity is zer@when the vortex is pinngdnter- |fp|>|fd+finc—c+ fc-c|- (7)

rupted with times when the vortex is moving. (0) a vortex in a h f th derlvi innina latti -
row with an incommensurate number of vortices moves in shorlDue to the symmetry of the underlying pinning lattice, It is

periodic pulses. During each pulse or soliton the vortex moves only!€ar that the net force from the other commensurate vortices
one pinning site, and it is pinned between pulses. The period of th¥/ill be f..=0 when every pin is occupied by a vortéor for
vortex soliton pulses are much longer than the period observed ifther symmetrical configurationsSincef,.. is the sum of
the motion of phase I[shown in(a)] since in(c) the periodicity ~ all the interactions from mobile interstitial vortice,... is
arises from a pulse traversing the entire sample, rather than from time dependent and has a complicated form.
vortex moving between two pinning sites. (d) a vortex in a row To estimatef;,..., we consider the case wheBeis only
with an incommensurate number of vortices again moves periodislightly higher tharB,. Here, the interstitial vortices are on
cally along the pinning row, but the velocity never drops to zeroaverage sufficiently far apart that we can estinfate, from
since the vortex is never totally pinned. a single interstitial vortex interacting with commensurate
vortices as it moves between the pinning rows. The force
we find that the onset of region Il should occur at a drivingexerted by this interstitial vorteixon a commensurate vortex
force of f4=0.14f,, which is in very good agreement with j has a maximum value when the interstitial vortex reaches
the value off y=0.14€ obtained from the simulations. the point of its closest approach to the pinned vortex, which
for a square lattice occurs when the interstitial vortex is
aligned with a column of pinning sitessee Fig. 6. The
distance between vorticeis and j at closest approach is
In Fig. 2(@), at the onset of region Ill, we find a significant r;;=a/2, or half the pinning lattice spacirg We also take
jump in V, indicating a suddemncreasein the number of into account the fact that the pinned vortex will be shifted
mobile flux lines. The approximate percent of mobile vorti- slightly from the center of the well, both because of the
ces is nowo=0.44, which indicates that vortices are now applied driving force and because of the repulsion from the
being depinned from the pinning sites since the percentage dafterstitial vortex. This adds a small distance, which we ap-
vortices aboveB, remainso=0.06. Significant fluctuations proximate asr,/2, to the distance between the interstitial

C. Disordered 2D vortex motion
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|<1-F‘-’H j the actual value is probably due to the interactions of other

S interstitial vortices that were not taken into account in in-
L P g I

T T L equality (9).

: al Ca+ T

| 2! ) ) E. Flux soliton motion in incommensurate 1D vortex channels

: ! 1 H . . .. . .

‘a v . ¥ Upon further increasing the driving fordg in Fig. 2(a),

we observe a new nonequilibrium dynamic phase, which we
label region IV. At the onset of this phase, a surprising sharp

drop in V, occurs, indicating alecreasein the number of
¥ mobile vortices. In particular, we find that a fractian
=0.24 of the vortices are mobile, significantly lower than the

fraction, 0=0.44, that were mobile in phase Il

FIG. 6. Schematic diagram showing how the interstitial vortices  |n Figs. 4a) and 4b), we see that the vortex motion pos-
depin the commensurate vortices. The interstitial voftexat its  sesses a very different structure and flow pattern from that of
closest distance, approximate#y2+r,/2, to the pinned vortex.  the 1D interstitial flow of phase Il and the random flow of
Notice that vortexj moves an additional distance, which we ap- region Ill. The flow in phase IV is entirely 1D with the
proximate as /2, from the center of the parabolic pinning well due opije yortices flowingalong the pinning rows, which is
o the force from vortex. Whenfy is large enough, vorteswill be iyt from the 1D interstitial flow in phase Il where mo-
able to depin vortey, producing a transition from one type of o0 ices flowedbetweerthe rows. We observe that the
plastic flow (type Il or interstitial 1D flow to another(type Ill or presence of additional vortices in cer-tain rOWS createsm-
disordered 2D flo . . .

w mensuratelD structuresin the form of discommensurations

. . s or flux solitons along the pinning row, and that it is in these
vortex and the pinned vortex, giving a total “distance of ;s \where motion occufsin the direction of the driving
closest approach” of approximatety ~a/2+r,/2. In Fig. 6 ¢r0af . Rows that are commensurate are immobile. Due to
a schematic diagram of this is presented. In terms of magniye 1p nature of the incommensurate flow in phase IV, the
tudes, a commensurate vortex remains pinned as long as tUSItage fluctuationséV, for phase IV are considerably

following inequality holds: smaller than thesV,’s found during the random flow of

phase llI.
atr It is interesting to point out that the drop in the fraction of
fo>\/f5+f7 5 2, (8  moving vortices at the Ill-IV transition implies aegative
differential conductivity
172 dv/di<o.
fo>| 3+ 2K2 a2+;p : 9 , o _ .
This behavior is often observed in semiconductors, and can

be useful for certain devicés.

where f;;=foK(r;; /\) is the force between the interstitial ~ The appearance of 1D motion exactjong the rows of
vortex i and the commensurate vortgx Driving forces pins might seem counterintuitive. This is so because for
which satisfy this inequality result in phase-Il-type intersti- B/B,>1 andfy=0, when the vortices are not moving, the
tial flow. As the driving forcefy is increased, the inequality only positions for extra vortices that are stable against per-
eventually ceases to hold, and an interstitially moving vortexurbations in the transversedirection caused by other inter-
can cause vortices in the pinning sites to depin. These destitial vortices are the interstitial positions between the rows
pinned vortices move away with some component of theilof pinning, as in Fig. (b). For moving vortices, the situation
velocity in the transversgdirection. As these vortices move, is quite different because the extra vortices in incommensu-
they depin additional vortices in an irregular fashion, thusrate rows spend part of their timie the pinning sites. The
producing the transition to the disordered 2D-flow phase lll.pinning sites create a stabilizing force against perturbations
As long asf,<fy, the vortices in the sample can be tempo-in the transversg direction, so that motion becomes con-
rarily trapped; therefore, not all of the vortices move simul-fined to the pinning rows along the longitudinal direction.
taneously. The vortex motion occurs only where one or more incom-

We predict that the transition from 1D interstitial to dis- mensurate vortices are located along the row. As the distur-
ordered 2D flowfi.e., from phase Il to phase Il in Fig(®]  bance or flux soliton moves, it causes the vortex in front of it
should occur when the inequality in E@@) no longer holds. to depin and then this one moves to a point where it will
To verify this prediction we consider a sample with param-depin the next vortex. From direct observations of the flux
eters equal to the ones presented in Figr),2namely,a  motion, as in Fig. &), we find that every discommensura-
=2.0n, 1,=0.3\, and fj,c.=fg K;(1.15)=0.4695,. The tion is composed of four mobile vortices. The periodic-pulse
upward jump inVy, signaling the transition between phasesnature of the discommensuration flow is clearly seen in Fig.
[l 'and Ill, occurs atf4=0.406,. Using inequality(9), we  5(c) where the individual velocity of a single vortex in re-
find that the jump will occur at this value ofy if f,  gion IV from Fig. 2a) is plotted. An individual vortex
=0.621,. This is in very good agreement with the input moves only for a short time as the discommensuration moves
value off,=0.625, used for the simulations shown in Fig. through and then is pinned again. Using the parameters pre-
2(a). The fact that the calculated value is somewhat less thasented in Fig. &), where a fractionB— B,)/B,=0.06 of the
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vortices are incommensurate, we find that the total fraction N J
of mobile vortices is about four times higher, @= 0.24. g ./
a7 -
F. Phase boundary IlI-IV 5 |
In order to understand when incommensurate vortex mo- 5%
tion along the pinning rows, as seen in phases IV and V, is h ;
stable, we construct a simple force-balance argument. We 450 -
consider a forcd, in the transversg direction that deflects N
a vortex away from its longitudinal motion along the pinning !
row in the x direction. Suppose that under the influence of
this forcef,, the vortex moves a distanak, in the trans-
versey direction equal ta,, the pinning radius, in time.
Thus, _fa
dy: fyt: Mo (10 FIG. 7. Schematic diagram showing how interstitial vortices de-

. . . o . pin commensurate vortices at pinning sites at the onset of the dy-
For a particular driving forcé in the longitudinalx direc-  pamic phase IMincommensurate 1D flowThe interstitial vortes

tion, if a vortex can move a distana in the x direction 4t the center of an interstitial depins vorteat a distance 2%
equal to the pinning lattice constaumt, within the same time +rp.

t=d,/f,, the vortex will feel a pinning force in a direction
opposite tof, that pulls the vortex back into the row a dis- placed at the center of an interstitial site exerts a force ap-
tance: proximately equal tofj(a/v2+r,)cos(45°) in thex direc-
tion on a vortex in a pinning site. As a function of the driving
d=fqt=a. (1) force fq, the pinning forcef, needed to keep a vortex
We note that in actuality the vortex only spends a finitePinned at a pinning_site w_h_en an i_nterstitial vortex is located
amount of time in the pinning site so it is not pulled all the 2t the center of an interstitial site is

way to the center of the pinning site; however, for conve- f 2 2 112
nience we assume here that the vortex is pulled all the way to ¢ — fy+ Nij [ & +r 41 a r
the center. From Eq¢10) and (11) it can be seen that mo- P NZAR 2 \vz2 ° ’
tion along the row is stable if
2 2 1/2
r f a r f a r
fo<fq—. (12 ol &y 0 z(_ e
y<Tg fo>ifq+ —K + +=K + .
a PP vz v N 2 vy A
For example, for the parameters in Figa2 with r ,= 0.3\ (14)

anda= 2.0\, if the vortex lattice is being driven with a force
of f4=0.5fy in phase IV with incommensurate 1D channels
on pin rows, the 1D motion is stable against perturbations o
sizef,<0.075,. Note that inequality12) indicates that as
the size of the pinning sites is increasge., increasing p)

or the pinning density is increaséice., decreasing) motion
along the rows will be more stable. Inequaliti2) also er-
roneously predicts that, increases linearly witty; how-

After an interstitial vortex depins a commensurate vortex,
'#t experiences a net force toward the vacated pinning site
rom the other pinned commensurate vortices. It must travel
an approximate distanca&’2 in the x direction before it is
adjacent to the just vacated pinning site. During this time,
however, the depinned vortex also moves a distai@ein
the x direction as well a®/2 in they direction and in prin-
; . ciple should itself be able to depin another commensurate
ever, the maximum possible value fby for stable vortex pinned vortex. The original interstitial vortex is just far

motion is.fp' . . . L enough from the first depinned vortex that it is able to be
To derive an expression for the increasing driving force attrapped by the vacant pinning site

which region IV appears, we take into account the fact that

there is an average energy barrier for interstitial vortices t9andom 2D flow regiméphase 11) will start to become con-

enter the pinning rows since vortices at pinning sites tend t®ned along the horizontal pinning rows and, provided that

keep interstitial vortices in between the rows. Once the Vorinequality (12) is met, this motion along the pinning rows

tices are In the _random—ﬂow phase lll, many of the VOrtiCeSqh i be stable. Substituting in inequalii4) the param-
are moving in interstitial regions an@ee Sec. Il these

. . : o . ; eters used in Fig.(3) and the value of 4=0.406 , observed
vortices de_.\pm vort|c_es at nearby pinning S'te_s' Rsin- at the onset of the 1D incommensurate motion, we find a
creases, pinned vortices become easier to depin and theredﬁlculated value off ,=0.624,, which is in very good
an increase in the distanag,, from which an interstitial agreement with the pactual val1dq,=0.625‘0 used in the
vortex can depin a pinned vortex, so thaf,>a/2+r,/2.

. L simulations.
Whenf, is large enought ., reaches a limiting value such
that a vortex located approximately halfway between two
columns of pinning sites can depin one of the vortices in the
row ahead of it. A schematic diagram of this situation is As f4 is increased to almodt,, the entire vortex lattice
presented in Fig. 7. To verify this, we note that a vortexstarts to flow in a phase that we label region V. The vortex

Thus, whenfy is large enough, vortices moving in the

G. Large driving plastic flow phase: V-V phase boundary
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flow pattern for phase V for the system in FigaRis pre- 1o
sented in Figs. @) and 4d). The type of motion and vortex
lattice structure in region V resembles that of phase IV with
vortices moving in 1D channels along the pinning rows;
however, in region \all the vortices are mobile. The veloc-
ity of an individual vortex is periodifas shown in Fig. &)]

due to the underlying periodic pinning lattice. Individual vor-
tices can slow down considerably but are never completely
repinned, as indicated in Fig(d by the fact the velocity is
always greater than zero.

The transition from region IV-V in Fig. @ is not as
sharp as that of II-lll and IlI-IV but instead occurs over the o2t
range of 0.598,<f;=<0.613,. This can be understood by
considering that in region IV certain rows contain incom-
mensurate mobile vortices. As these vortices move past %%, 02 02 o6 o8 To
pinned vortices in adjacent commensurate rows they will ex- Driving Force 1/,
ert a small force in addition to the driving force that causes , , o
the adjacent commensurate rows to depin at a driving force . 7'G- 8- The dynamic phase diagram for the pinning fofge's

_ driving force fy with B/By;=1.062, r,=0.3\, and B,
lower thanf =0.625. A a L p
. . s =0.25Dby/\°, with a square pinning lattice. Regions | through V

We also observe that in region V rows with incommensu- : :

- correspond to the same dynamical phases shown in Figs. 2
rate numbers of vortices move faster than commensura

tg o -
. . I nd 4. For very weak pinning,<0.1f,, regions II-IV are lost and
rows so that rows with different numbers of vorticelile the vortex lattice flows elastically both along the pinning sites and

pastone another. Some portions of the vortex lattice can P€so in the channels in what we label phae.... The disordered
seen to _have triangular order; how_ever, th_ere_are portionsy fiow phase Il first appears dt,~0.25, and phase Il af ,
where this does not hold. A Voronoi analysis gives a prob-- ¢ 37,. The driving force at which a transition from phase I to Il
ability of sixfold coordinated vortices oPg=0.83. This is  occurs saturates at a value ff~0.146,, which corresponds to
less thanPg=1 because of the presence of the incommenthe force needed to depin an interstitial vortex. fsis increased,
surate rows. Ag is increased further, the density of defects the phase boundaries II-11l, 111V, and IV-V become linear. When
and structure of the vortex latti@®d not changeThis result  the depinning scenario presented in Fig. 7 can take place, the inter-
is different from simulatiors® with random pinning arrays stitial vortex can occupy the just vacated pin site. This gives rise to
that show that for sufficiently high driving rates, the defectsthe incommensurate 1D flow of phase IV.flf is strong enough,
in the vortex lattice heal out anéls=0.95. the interstitial vortex of region Il will have to reach maximum prox-
imity to the pinned vortex in order to dislodge(#s shown in Fig.
6). In this case the interstitial vortex cannot occupy the pin site just
IV. DYNAMIC PHASE DIAGRAM FOR VARYING vacated. Thus it§ deflection along the transvgrsg direction triggers
PINNING EORCE the t_ype of _mot|on in phase III._ For large pinning forég and
medium drivingfy, phase Il dominates the phase diagram.
In order to better characterize the nonequilibrium dy-
namic phases, we have performed a series of simulations in For a pinning force of ,=0.35,, an interstitial vortex at

rameters are fixed at the same values used in R@. -\ yortex at a pinning site. This is greater than the pinning
Fig. 8 we present the resulting phase diagram where the oRprce, so as soon as the interstitial vortices move, they cause
sets of_ dlf_ferent flow behavior can _be observed. For verygrtices at the pinning sites to depin, producing phase I
weak pinning.f,<0.1fo, the features in the flow phases and motion. In this case, it is not possible for interstitial vortices
V(I) curve are lost and the vortex lattice moves elastically+g move between the pinning rows without depinning vorti-
The driving force at which the phase boundary I-Il occursces trapped at the pinning sites, so the interstitial 1D motion
increases with increasing pinning force until the pinningof region Il does not occur for these weak pins. Region I
force reaches a value df, close to the interstitial pinning occurs in the phase diagram only for valued paindf 4 that
force,f',;“er5t"'a'%0.14a‘0. At this point, the value of the driv-  satisfy both inequality9) and inequality (14).

ing force at the transition saturates because, although the

pinning forcef, of the pinning sites is being increased, the

vortex-vortex interaction which determines the interstitial B. Onset of phase llI

pinning force is not changed.

I 11 v v

1

0.8

g
>

:
:
!

Pinned

o
~

Pinning Force f/f,

II 1D Interstitial Flow

III 2D Disordered Flow
IV 1D Incommensurate Flow

V  Incomm. and Comm. Flow

As f, is increased further, a stronger driving force is re-
quired for the interstitial vortices moving in phase Il to depin
commensurate vortices so that a transition to region Il can
occur. The phase boundary line separating phases Il and 1lI

Figure 8 shows that the interstitial motion of phase Ilis expected to follow the equation
occurs only whenf,=0.37,. This can be understood by
considering that wher,=<0.37, inequality (9) cannot be
satisfied for any driving force, so that phase Il cannot occur,
and thus the boundary between phases | and Il stops.

A. Onset of phase I

1/2

a+r,
: (15

2

fp:[f§+fﬁ
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which for large drivesfq> fj;(a/2+r,/2), Eq.(15) reduces 08
to the linear relation
foocfy, (16)

06

in good agreement with the phase diagram in Fig. 8. Phas
Il occurs for f, andfy values that satisfy inequalityl4) but

violate inequality(9). Under these conditions, commensurate 5 o4 |
vortices can be depinned, but phase IV motion is not yet g
possible.

al Vefgclty v,

gl

Average Lol
o
[N

C. Onset of phase IV

It is clear from the dynamic phase diagram in Fig. 8 that
when f,<0.25,, motion begins immediately in phase IV, — . L
without passing through phases Il and Ill. For valued pf 02 o F0-4 C 06 07
less thanf ;= 0.25f,, inequality (14) remains invalid for all ving Teres e
driving forces so that the initial motion appears as region IV.  FiG. 9. The hysteresis curve for the system presented in Fig.
For example, forf,=0.25,, motion starts af4=0.0%,,  2(a) as the driving force is brought up tb4;=0.7f, and then
the right-hand side of inequalityl4) is 0.277%,, and the  brought back down td,=0. Some phase boundarié¥-Ill ) and
inequality is invalid. (11I-11') show hysteresis, while othefg-1V ) and(ll-1) do not. Bold-

The boundary between phases Il and IV satisfies the reface Roman numerals refer to phases that appear when ramping up,
lation (14). At high drives, inequality(14) behaves af,  while unbold refer to the ramp-down process.

«fy, in good agreement with the Ill-IV boundary in the

phase diagram in Fig. 8. Region IV flow occurs in the por-the forward path, and the vortex lattice only enters region IlI
tion of the phase diagram where both inequaliti@s and atfy=0.34f,, which is below the valué;= 0.41f, at which
(14) no longer hold buf 4<f. region Il appears for the forward path.

Finally, the phase boundary between regions IV and V The fact that phase Il appears at all for such a low value
follows the linear relation of ,<f4. Whenfy>f, the flow  of fy may appear to contradict the predictions of inequality
is 2D and not uniform because rows slide past each other.(9), which indicates that fof ;=0.625, region Ill can only

We point out that in Eq(1) we have assumetyy to be arise wherf;>0.41f,. Inequality(9) is, however, only valid
uniform on all the vortices, which is the case for thin-film when there are interstitial vortices moving between the rows
superconductors whene can be comparable or larger than of pinning. This occurs for the ramp-up part of the hysteresis
the system size. Vortices in thin film superconductors willcurve, when there is a transition from phase Il to Ill. In
interact via a Pearl potentidl,,~ 1/r rather than the modi- contrast, when a transition from phase IV to Ill occurs, the
fied Bessel function that we use. The modified Bessel funcvortices are movinglongthe pinning rows, so there are no
tion is appropriate for bulk superconductors. By using thesénterstitial vortices between the rows, and thus inequ#fly
different vortex interactions, the phase boundaries we obdoes not apply. It is possible for phase Il to appear on the
serve may be shifted slightly but the qualitative featuresreverse path because the extra incommensurate vortices ap-
should be the same. For bulk superconductors an appliggroach pinned vortices closely since they are moving along
current will form a gradient in the vortex density. If the the pinning rows rather than between the rows.
pinning is weak, the gradient should be small and the dy- Region IV persists for so long on the reverse leg because
namic phases should be the same throughout the sample. Famce the 1D incommensurate channels are formed, there is a
very large flux gradients, different dynamic phases may ocbarrier to perturbations in the transverse direction, as noted
cur in different regions of the sample. In Sec. VIl we showin Sec. Il and by inequality12). This barrier is examined
how the dynamic phases are modified when consideringurther in the next section. After region Ill appears on the

samples with different vortex densities. reverse path, the vortex motion returns to the interstitial flow
type seen in phase Il
V. HYSTERETIC VOLTAGE-CURRENT RESPONSE The hystergsls and the sharp d|scont|nU|t_|ev,grBuggest
that the transitions from II-Ill and IlI-IV are first order. The

To further characterize the driven vortex flow in the pres-lack of hysteresis and the absence of sharp discontinuous
ence of periodic pinning sites, we examine hysteresis effecttimps inV, suggest that the transitions I-Il and llI-IV are of
with simulations in which the applied driving forck; is  second order.
ramped up and then ramped down. Figure 9 shows the hys-
tergsis in the/_(l) curve for.the sample used in Figia. The V1. EFFECTS OF APPLYING A TRANSVERSE FORCE
region labels in Fig. 9 are in boldface for the ramp-up and in
nonboldface for the ramp-down stage. Little hysteresis oc- Even though our system contains periodic rather than ran-
curs as the system goes back through phases V and IV excefom pinning, it is of interest to compare our results to pre-
for a small loop in region IV. Region Il does not appear ondictions made using randomly distributed pins. Giamarchi
the reverse path at the same value of the driving force aand Le Doussaf predict that for large driving the uniformly
which it appeared when increasing the driving force. Insteadmnoving vortices form a moving glass, where the flow is in
phase IV on the reverse path extends into what is phase Il omearly parallel correlated elastic channels that should not
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change with time. Further, once the channels are formed, a '

finite barrier to transverse force is predictéd. o1 @
Recently, studie$>? with random pinning arrays have >

shown that, for large enough driving, the moving vortex lat- £

tice is anisotropic with long-range order in the transverse § 0.10

direction, but not in the longitudinal direction, and have also °

provided evidence for a small transverse barrier. In our case, S

the strongly driven vortices in phase V travel in 1D channels 2 0.05

that do not change with time in the transverse direction, as =

can be seen in Fig.(d). Because commensurate and incom-
mensurate rows move differentspeeds, the vortex lattice is 0
not moving elastically buplastically. Furthermore, it can be
seen that the vortex lattice in region (gtrongly driven ho-
mogeneous floyis anisotropic. Vortices are evenly spaced
along the transverse direction a distaacéhe pinning lattice
constant, apart; but due to the presence of incommensurate < ggo
vortices, the vortex lattice isiot evenly spaced along the

longitudinal direction.

0.90

The vortex motion of phase V is somewhat analogous to a 0.70
series of weakly coupled 1D Frenkel-Kontorova chains. Note
that this kind of transport with fasincommensurajeand 0.60 , ‘ ,
slow (commensurajemoving vortex lanes is significantly 0 0.05 0.10 0.15
different from the elastic transport of the “moving crystal” Driving Force f /1,

predicted for systems with random arrays of gins. : - i .
To test for the presence of a finite transverse barrier, a_ ' 10- The existence of finite transversecritical force is
force f, in the transverse direction was applied to a movingShOWn in@) where a forcef, is applied in they direction for the
Sy - A system presented in Fig(&. The longitudinal driving force if 4
lattice for samples with the same parameters as in Ra&). 2

. . _ . =0.8fy, which places the lattice in phasg the 2D flow phase. In
The lattice was driven afty=0.8f,, which puts the sample (a) it can be seen that the vortex motion only occurs inxhrec-

in phase V. In Fig. 1@ we show theV(l) curve in which  {i5n yngil f,=0.075,, at which point the vortex lattice starts to
Vy, move in they direction as well. Inb) the fraction of six-fold coor-
dinated vorticed¢ is presented for the same range of driving as in

N
B 1 i - (@. A clear dip inPg at the onset of flow in the direction is
Vy_N_U = Vi'Ys observed.

. . . . . . . 6
the sum of the net velocities in thyedirection at one instant, SYmmetry of the pinning lattice is broken. Simulatiofé®
where the vortex lattice is driven over a random distribution

is plotted versud, . As f, is increased, the lattice remains - ; , ; X » ;
locked in the 1D paths and moves only along the Iongitudi-Of pinning sites find that at high drivei3;=0.95 or higher.

N S . . These results suggest that one way to experimentally observe
Patl':'x dlrfcttlor; until fVN.O't?]?H(;’.' att_wh|ch p0||r|1t _:_Tf vorte>|<t the effects of a finite transverse barrier on a moving vortex
attice starts to move In thg direction as well. 1his Tesult ayjce jg by looking for a change in the vortex lattice struc-
clearly shows the existence of a finite transverse critica

. . ure at the onset of motion in the transverse direction.

force for the strongly driven region V. o , We examine the dependence of the transverse force on the
_ To further characterize the onset of motion in theirec-  qriving force in order to determine how the transverse force
tion, in Fig. 1ab) we plot the fraction of sixfold coordinated yaries in each phase and to test the predictions of inequality
vortices,Ps, asfy is increased. For values ] that are 100 (12). In Fig. 11, we plot the critical transverse fortpversus
small to cause the vortices to move in thdirection, we find driving forcef for a sample with the same parameters as in
Ps=0.82, with the defects occurring due to the incommen-Fig. 2(a). For driving forces that satisfy 0£<f4<0.4f,
surate vortices. At the onset of motion in the transverse dithe system is in phase Il. Here the transverse critical f@@ce
rection, the vortex lattice shows a shatpcreasén P to @ Jinearly decreases af; approaches the II-lll transition at
value of Pg=0.7, which indicates a change in the vortex f,=0.4f,. This agrees well with inequalit{) that indicates
lattice structure to a more disordered state. This implies thathat asf is increased in phase I, the force needed for an
even though the vortex lattice is moving, the depinning in theinterstitial vortex to depin a commensurate vortex decreases.
transverse direction is similar to the depinning of a pinnedThe transverse critical force reaches its lowest valudCof
static vortex lattice where the vortex lattice becomes more~0.01f, in the disordered-flow phase Ill, 0.4Q6<f,
disordered at the initial depinning transitif®"?%30nce  <0.46f,, and then very sharply increases as the system en-
the vortex lattice starts moving in the transverse direction iters phase IV. The transverse critical force reaches a maxi-
is no longer being driven along a symmetry axis of the pin-mum offf,z0.0Qfo just before the onset of region V &

ning lattice, so the pinning lattice appears more disordered=0.61f,. The response falls tt’gé 0.075, for phase V. A

As fy is increased, the vortex lattice regains its order up tamore detailed study of how the barrier depends on the mi-
Pe~0.96. This higher degree of order indicates that the deeroscopic pinning parameters as well as how the vortex mo-
fects caused by the incommensurate vortices that weréon and structure changes with an applied transverse force
locked into the vortex lattice in region V heal out once thewill be presented elsewhet?.
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0.12 interstitial vortices increases, second or higher-neighbor in-

terstitial vortex interactions become important and cause the
010 | 11 1 v v ] vortices at the pinning sites to depin at lower driving rates,
leading to the shrinking of phase Il. Similarly, the width of
region IV will be reduced since for larg&/ By there will be
a largeréV, produced by the additional interstitial vortices.
This inhibits confinement of the moving vortices along the
pinning rows until higher drives are applied. F&/B,
>1.3, phase V disappears and the vortices no longer flow
strictly along the rows of pinning sites. Instead, a consider-
able number of vortices flow in 1D channels through the
interstitial areas, as shown in the snapshot in Fig. 13. We
label this type of flow phase VI. The vortex flow in region VI
is generally plastic and exhibits some properties similar to
0.2 04 R 08 10 those of phase III; however, unlike region lll, vortices are
Driving Force f,/1, neverpinned and always have a nonzero velocity. The tran-
sition from phase Ill to phase VI is not abrupt but occurs
continuously as indicated by the dashed line in Fig. 12. No
hysteresis ifV(l) is observed at the IlI-VI phase boundary,

o o o
o Q o
& & &

Transverse Critical Force f,'/f,

o
<)
¥

FIG. 11. The transverse critical ford¢ dependence on driving
force f4 for a system with the same pinning parameters as in Figs

10 and Za). The value off§ steadily decreases throughout phase I N . ..
and reaches a lowest value of Ofgvhen the system enters region further indicating the continuous nature of the transition. We

Ill. This is because it is easy to shift vortices in the transversealsp observe thfat In phase_ VI for dr'Vé§>fp’ th_e vorte_x
direction in the 2D disordered flow region. As the system movedattice usually displays a higher degree of ordering. This or-
into phase IV.f} increases to a maximum value of Ofgdear the dering is highly depend?m _OB/B¢§ for example, Whel’_‘
IV-V transition, and then finally levels off near 0.0fz5in region V.~ B/By=1.7 the vortex lattice is completely ordered at high
The dashed lines indicate the location of the phase boundaries félives and flows elastically. The higher amount of ordering

the sample shown in Figs. 10 an¢aR in region VI does not noticeably affect th1) curves.
Near B/B,~1.7 andfy~0.25, we find evidence for a
VIl. DYNAMIC PHASE DIAGRAM AS A FUNCTION new phase that we label VII. The onset of this phase appears
OF COMMENSURABILITY in Fig. 14a) as a clear jump in thé/(l) curve nearfy

One of the most important parameters to vary is the com-Eo'ZJ'fo' This jump is followed by a linear or Ohmic region

mensurabilityB/By, of the vortex lattice with respect to the that ends when another jump into phase Il occursf at

substrate. By increasing/B,, we can observe the effects of Ebos.::\%h Wteheve\/ré)f?/tetfilc?v)\(/lsi?tﬁngf ?Otc:ggamlc':iphalsse tl)r);
increasing interactions between the interstitial vortices and hase Vﬂ whole rows of voprtices th£[ were comn%ensﬁrate
see how the phases investigated in Sec. IV are altered. BY. L . . . ;
: . : ith the pinning sites are depinned and begin to flow in the
decreasing3/B, to values less than one, we consider fields; o . . .
' : ; .-interstitial regions. These vortices follow stationary well-
below the first matching field and observe the dynamlcaf

effects of vacancies in the commensurate vortex lattice Wgefined winding paths, “T‘“ke the transient timejdepenc.jent

chanaeB/B. by varving the number of vorticeNl. for 'a paths seen in phase lll. Since the number of moving vortices

fixedgnumk;/)er yof p%n%g sitel. . and we mor:itor the remains constant as the driving force is increased throughout
p 1

change in behavior of the flow regimes found for the phaséDhase VI, the velocity of these vortices increases linearly
diagram in Sec. Ill, whereB/B, was fixed at B/B and an Ohmic response is observed. The !nmal jump in the
10625 o ¢ ¢ V() curve atf4=0.21f , occurs when a portion of the com-

Iln Fig. 12 we present the phase diagram in whigh mensurate vortices are suddenly deplnned. I_:urther ewder_lce
0 6250. o andB,m0 25D, /22 are kept fixed that region VIl is a distinct dyna_lm|cal pha_lse is presented in
while B/B, is varied from 0.75 to 2.296, so that we can Fig. 14b). Here, some hysteresis occurs in the phase transi

. tion from VII to Il with region VII persisting to lower forces
observe the vortex dynamical phases Bboth above and g P g
. on the ramp down.
below B, and 2B,. The dynamical phases labeled | through
V correspond to the same phases discussed in Sec. lll. Figure
12 was obtained from a systematic study involving more B. Second matching field: B=2B,
than 25 separate simulations, each one spanning a wide

o We observe only three dynamic phases at the second
range of driving forces.

matching fieldB/B,=2, where the vortex lattice is commen-
surate with the pinning lattice and forms a square lattice at
45° with respect to the pinning lattice. As seen in Fig. 12, the
First, let us consider the cases BB, just above one. phase transition from | to Il occurs at a driving force of
Here, Fig. 12 shows the five phases present from Sec. If3=0.15,, approximately the value needed to depin a
[see, e.g., Fig. @]. Phase lIl, the random 2D motion re- single interstitialvortex. For fields XB/B,<2, the transi-
gime, starts to grow for increasinB/B, while the more tion occurs at lower drives due to the presence of defects in
ordered-motion regions Il and IV shrink. This is expected,the interstitial lattice. The interstitial flow foB/B,=2 in
since an increase iB/B, effectively introduces disorder via phase Il differs slightly from that found foB/B,>2 and
the addition of more interstitial vortices. As the density of B/B,<2 since atB/B,=2 the interstitial vortices form a

A. Above the first matching field: By,<B<2B,
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FIG. 12. The dynamic phase diagram &8, vs fq with r,=0.3\, f;=0.625, andB¢=O.251>0/)\2 with a square pinning array. For
1<B/B,<1.3, phases | through V can be observed, with the 2D disordered-flow phase Il growing aiththe ordered flow phases Il and
IV reducing in size for increasing. The solid horizontal line aB= B, indicates the vortex lattice is pinned up fig=f,. Above B/B,
=1.3, regions IV and V disappear and two new phases, VI and VII, appear. The solid horizontal Bire28}; indicates that the vortex
lattice is pinned up td4~0.15f,. ForB/B,>2 the pinned region | shrinks drastically and a new phase VIl appea/By=1 only two
phases are found with | fdiy/f;<<0.6 and V forfy/f;>0.62. ForB/B,<1, region | is significantly larger than fd8/B,>1. Phase IV,
corresponds to the “vacancy flow” regime.

defect-fredattice thatflows elasticallywith respect to other of the interstitial vortices just above the depinning current is
interstitial vortices. At higher or lower fields, defects causelabeled phase VIII. Snapshots of region VIII in Fig. (&7
some rows of the interstitial lattice to flow at different speedsshow that only rows containing extra interstitial vortices
from other rows in a manner similar to phase V. Phases Vlimove. The vortices daot move continuously as in phase II;

and Ill, which are observed fdB/B;<2, are absent when instead, the vortices move amall localizecpulses similar to
B/B,>2 and the transition to phase VI, whichdentinuous  those observed in phase IV.

for fields B/By,<2, is marked by asharp jumpfor B/B, The phase diagram in Fig. 12 shows thaBds increased
=2. further above B, the transition from region I to region VIiI
occurs for lower driving forces fy=0.02f,. At
C. Above the second matching field: B>2B, f4=0.146, all the interstitial vortices start to flow and the

Above the second matching field, the pinned phase Pystem enters phase I, indicated by a jump in\ig€) curve
shrinks considerably as seen in ¥@) curves of Fig. 163).  in Fig. 16@). At the onset of phase 1If=0.146), the
The shrinking occurs when extra interstitial vortices appeainterstitial vortices first start to flow in a disorganized way
in the commensurate interstitial lattice present&B,=2  With rows moving atdifferent speeds. Neaf4~0.23, the
and begin to flow before the commensurate interstitial vortestnterstitial vortices begin flowing in aoherentmanner, with
lattice flows. This shrinking of phase | foB/B,>2 re-  all rows that contain an equal number of vortices flowing at
sembles the shrinking of phase | just abd®#8,=1, when the same speed. Rows containing extra interstitial vortices
interstitial vortices appear in the commensurate pinned vormove atdifferentspeeds. In Fig. 1B) the flow pattern for
tex lattice. An extra interstitial vortex in thB/B,=2 inter-  the coherently flowing vortices in phase Il is illustrated. The
stitial lattice exerts an additional force on the vortex justonset of the more coherent flow appears in\{€) curve as
ahead of it, reducing the required depinning force. The flonan increase in the amplitude 6V, .
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The vortex motion in phase V is different at commensu-
rability and away from commensurability. F&>B, and
B<B,, the presence of incommensurate vortices causes cer-
tain rows of moving vortices to slide past each other. For
B=B,, however, the vortex lattice flonelasticallysince all
the rows move at the same speed. Thus for this commensu-
rate case a “moving crystal” can be realized.

E. Below commensurability: B<By

For B/B,<1, the critical force for vortex motion drops
well below the value aB=By, and three dynamical phases
appear plus the pinned phase. The pinned phase | extends to
higher driving forces than for thB/B,>1 case since there
are no weakly-pinned interstitial vortices present. The mov-
ing phases consist of an initial randomlike flow regime that
resembles phase Il and\acancy-flow regimewhich we
label phase 1Y,. In the latter regime, the vortex motion
consists of jumps from pinning site to pinning site along the
pinning rows, which also corresponds to a vacancy or a hole
moving in the opposite direction.

Figure 18 explicitly shows the vacancy motion of region
Vyaec This 1D motion is very similar to that seen in phase

, where motion occurs for incommensurate rows and com-

FIG. 13. Trajectories of the vortex flow in the incommensurate
2D phase VI, for a system with the same pinning parameters as i

Fig. 12 withB/B,=1.34 andf ;= 0.625,. Here we can see that the LT . .
vortices travel mainly in 1D paths as in regions(1D interstitial mensurate rows remain pinned. In this case the discommen-

motion), IV (1D incommensurate flow along the pinning sitead ~ Surations are due to vacancies rather than interstitials. A vor-

V. However, in region VI motion occurs anywheirethe interstitial ~ t€X i to the west of a vacancy feels an extra forcef pfa),

areas as well aalong the pinning rows. wheref;; is the vortex-vortex interaction, in the direction of

the eastbound driving force, so these vortices become mobile

Regions VII and Il do not appear fd8/B,>2. Instead at a lowerfy than vortices not located near vacancies. The

the transition from phase Il to phase VI is marked by a veryacancy flow regime should occur when the following in-

pronounced jump iV(l) seen in Fig. 1@). The strong hys- equalities hold:

teresis associated with the VI to Il transition appears in Fig.

16(b). On the ramp down of 4, region VI persists down to fa<fp<fqtfij(a), 17)

fdz_O.ZSfo, a driving force slightl_y greater than the force at th;s when

which the coherent phase Il motion appears on the ramp up.

As the driving force is further decreased a sharp drop in the fo—fq<fij(a). (18

voltage occurs and the system enters a flow phase that re- ,

sembles region VII, where whole rows of pinning sites aremOF our parameterpwith a=2x, f,=0.624,, and f;(a)

unoccupied as interstitial vortices flow continuously around &= 9-15f o], we find from inequality(17) that the vacancy mo-

smaller portion of pinned vortices. Phase VIl domsappear tion should first occur at a driving force dfy=0.47,

when increasing the driving force. A is reduced further, Which is in good agreement with the value obtained from the

another drop in/(1) occurs as vortices become pinned in theSimulation. The force needed to move a vacancy is much

empty rows of pins. The vortex flow then returns to phaselarger then the force needed to move an interstitial vortex
VIIL. since in order for a vacancy to move, a vortex must be de-

pinned from a pinning site. This result has also been ob-
served in recent imaging experiments.
At fy=0.6fo=f,, the entire vortex lattice becomes mo-
At B/B,=1, the commensurate case, we find only twobile. This phase, which we label,), is very similar to the
phases: a pinned regime fbg/f,=<0.6, and a flowing re-  flow found in region V, where incommensurate rows move
gime forf4/f,=0.6, with the depinning transition occurring faster than commensurate rows. In this case, the incommen-
approximately atfy~f,=0.625,. This is a direct conse- surate rows have fewer vortices than pinning sites. No hys-
quence of the existence of only one species of mobile vortiteresis is found in th&/(1) curves forB<B.
ces rather than the two species required to generate the other

phases. All critical driving force values reach their highest ;| byNAMIC PHASE DIAGRAM AS A FUNCTION

D. At commensurability: B=B,

levels for this case. The enhg'ncemen_t of the critical force and OF PINNING RADIUS
reduction of the vortex mobility for this commensurate case
is consistent with magnetization experimetts?>4°96%j. Another parameter that can be conveniently varied is the

rect imaging experimem®and simulation® as well as with  radius of the pinning sites,,. Here we will limit ourselves
resistance measurements in Josephson junction &fayss  to r, small enough so that onlynevortex per pinning site is
enhancement of the critical current can also be considered alowed!® In Fig. 19 we present a phase diagram where the
a realization of the Mott-insulator phae. parameters f,=0.625,, B¢:O.251>0/)\2, and B/B,
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FIG. 14. Average velocity/, vs driving force for a system with the same parameters as in Fig. 12BABj=1.72. In(a) phase VII first
appears af3=0.21f, in the form of a jump in thé/(l) curve. The average velocity, increases linearly throughout region VII untjy
~0.3f,, when another jump iV(l) occurs and the system shifts to the 2D phase lli(dnfurther evidence that region VIl is a distinct
phase appears as a small hysteresis around the IlI-VII transition. When ramping down the driving current, a slightly greater number of
mobile vortices are present in region VIl and this phase persists down to a lower vdly¢hah the value at which it first appeared on the
increasing-drive leg. Note that there is no sharp jump and no hysteresisW{ltheurve for the Ill to VII transition. This phase boundary
can be identified by examining the vortex lattice motion.

=1.0625 are used, while, is systematically varied from pinning sites better stabilize vortices moving along the pin-
0.1\ to 0.375.. We see that as, is increased, the width of ning row since the vortices move a smaller distarzce
phase | is slightly reduced. This can be understood when we-2r, between pinning sites. Region IV should also be more
consider that vortices in the pinning sites can move a furthestable for larger pins since a higher transverse force is pre-
distancer , away from the moving interstitial vortices while dicted by inequality(12).

still remaining pinned, thus reducing the interstitial pinning
force and slightly lowering the driving force required to ini-
tiate motion.

Asr, is increased, the ordered flow phases Il and IV grow In order to emphasize the very different behaviors that
in size while the disordered flow region Il shrinks. The in- occur when decreasing,, in Fig. 20 we present the voltage-
crease in phase Il is explained by the fact that in larger pincurrent curves for the same parameters used in K#y.lfit
ning sites the pinned vortices can move further away fronwith a smaller and larger pinning radius;=0.2\ (curve
the interstitial vortices, increasing the quantify,,(a2  with larger arch aroundfy/f;~0.3-0.5 and r,=0.35%

A. Dynamic “peak” effect

+1,/2) in inequality (8) that marks the Il-Ill phase bound- (curve with the much smaller phase)lllt is interesting to
ary. Thus, a higher driving force is now needed for the in-note that the same number of vortices are mobile in both
equality to remain valid and for phase Il to appear. systems for region IV arountl,/fy~0.58, since the net ve-

The growth of phase IV results from the fact that largerlocitiesV, are approximately equal. In Fig. 20 we can see the
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FIG. 15. The vortex trajectories for the partially ordered
quasi-1D flow phase VII for the same system as in Fig. 14 with
f4=0.275,. This phase occurs below the second matching field
for 1.72<B/B,<2. Here the vortices can be seen traveling through
specific interstitial flow paths somewhat resembling those in the 1D I
interstitial flow phase II. Unlike in region I, the paths in region VII 0.0 L L
wind considerably and contain large numbers of depinned commen- 0 0.2 0.4 0.6
surate vortices. The commensurate vortices depin at the jump in the Driving Force f,/f,

V(I) curve seen in Fig. 14.

0.2

FIG. 16. Average vortex velocity, vs driving forcefy for a
striking discontinuouslarge drop in the number of mobile system with the same parameters as in Fig. 12 and above the second

vortices at the phase transition from phase Il to IV aroundglaatc:]ﬁghf:iw;rE;/r%’;:ng'éieﬁ; tfg/glrrze iiﬁzgetﬁepgzzieﬂéf;ds
fq/fy=0.56 for ther,=0.2\ system, indicated by the sud- g

o interstitial vortices that have been added to Bi&,=2 lattice are
den decrease i, . For ther ,=0.35\ case, this jump occurs ¢

) SO less strongly pinned than the interstitial vortices in a lattice with
much earlier aroundly/f ;=~0.44 and is significantly smaller. 1<B/B,=<2. The new phase of interstitial vorticéler B>2B,) is

_ The decrease in the number of mobile vortices at the trangpe|ed region ViIl. The usual 1D interstitial-flow phase Il appears
sition from phase lli(disordered flow to phase IV(1D in- 4t f,~0.14f, and the system then jumps to region VIl &
commensurate channglss reminiscent of the peak effect ~0.3%,. In (b) strong hysteresis from phase VI to Il is observed
where an increase id, occurs as the temperature or field is with region IV persisting down to abott;~0.25,. The flow en-
raised. The dynamic “peak” effect we observe here occursers phase VIl as the driving force is further decreased and then
due to arincrease in the driving forceather than an increase moves to region VIl.
in the field or temperature. The usual peak effect is believed
to be associated with a dynamical transition fretasticflow  the 1D interstitial flow phase. These are then followed by the
to plastic motion of vortice$3=2°In Fig. 20 the phase tran- onset of a disordered flow region IlI, which we also confirm
sition 11I-IV is between two differenplastic flow regimes: by directly viewing the moving lattice. Above phase llI, the
from random flow(lll) to 1D incommensurate channély).  fluctuationséV, in the voltage-current plot are clearhg-

It is also possible to observe the transition from region Il toducedand theV(l) curve becomes linear, suggesting the
IV in our system by maintaining a constant driving force andpresence of different dynamics from the random flow re-
decreasing the fieldas can be seen from the phase diagrangime. We label this region IX. Beyond phase IX the motion
in Fig. 12; by varying the pin radius, as indicated by theonce again becomes disordered and regionrédppears
phase diagram in Fig. 19; or mhanging the pinning forge  This is followed by a narrow phase 1V, where the flow is 1D
as shown in Fig. 8. incommensurate along the horizontal pin rows, and then the
whole lattice starts to flow in phase V.

To further characterize the motion in phase IX, we com-
pute the evolution of the Voronoi construction and show in
At a pinning radiusr,=0.175., a different phase Fig. 21(b) the fraction of six-sided polygor; as a function

emerges that was not seen in our other phase diagrams. Figf the driving forcefy. Here we can see that the initial
ure 21 shows the voltage-current curve for this case. Weortex lattice configuration has a very low fractidPg
increase the driving force and observe the dynamic phases0.38 of six-sided polygons, which is due to the fact that the
which appear beyond phase(llD interstitial flow). In Fig.  underlying pinning lattice is square. Those six-sided poly-
21 we can first see region I, the pinned phase, and phase Hfons that appear in the pinned region are a result of both the

B. Dynamic “winding interstitial” phase
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FIG. 17. Vortex trajectories in phases VI4) and Il (b) for the same system used in Fig. 16. These phases appear above the second
matching field; her8=2.1%8,. In (a), f;=0.1f, and 1D motion occurs only in rows where there is an extra interstitial vortex. A single
vortex does not move continuously across the sample, instead as it travels the discommensuration pushes each vortex one lattice site in the
direction of motion in a manner resembling the flow in the 1D incommensurate-flow phase (B, the driving force has been increased
to f4=0.35fp, andf4=0.35, and all the interstitial vortices are mobile. The interstitial motion shown here is more coherent than the phase
Il flow observed forB/B,<2.

small number of incommensurate vortices and the Voronoi
algorithm used, as square polygons are very sensitive to
small distortions or displacements and are likely to appear as
polygons with more than four sides. Ag is increased, a

G G &6 6o 6 G 6 o OC slight increase iPg occurs at the onset of phase Il when the
interstitial vortices depin. At the beginning of region Il an-
other increase iPg appears since the square symmetry is
lost in the random-flow motion. At the onset of region IX
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FIG. 18. Trajectories of vortexacanciesfor B/B,=0.94 for Driving Force 1, /1, o o8

region 1V, ,cin a sample with the same pinning parameters as in Fig.

12. Shown is a 20X 20\ region that contains 100 pinning sites, 98 FIG. 19. The dynamic phase diagram for the pin radiyss f4
vortices, and two mobile vacancies with=0.57,. The vacancies with f,=0.625, B(/,:O.ZBI)O/)\Z, andB/B,=1.062 with a square
move towards the left in 1D paths along the pinning rows in thepinning array. Here', is varied from 0.125 to 0.35.. As r, is
oppositedirection of the eastbound vortex motion. As each vacancyincreased, phases Il and IV grow while phases | and Il shrink in
moves, it displaces the neighboring vortex just behind it by onesize. Atr,<0.175\, a new phase, region IX, appears. This phase is
pinning lattice constard. These vacancies move much faster thanlocated between two phases of region Il motion; thus, phase Il for
the vortices themselves. Rows that contain no vacancies are immoz<<0.175: exhibits a strikingreentrantbehavior as a function of
bile. driving.

Q
®
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the same pinning parameters as in Fig. 19 with
rp,=0.125.. In Fig. 23a) the driving force is brought up to
f4=0.75f, driving the system into phasé, and thenf is
brought back to zero. The reverse curve follows the forward
curve down tof 4=0.625 or fy~f,, and then drops down
as the vortex flow enters phase IV. Note that region I¥id
seen on the initial ramp up, as expected from Fig. 19. The
appearance of phase IV on the ramp down occurs since the
flow in region V is very similar to the flow in phase IV: the
vortices move along the pinning rows and an effective trans-
verse barrier formgsee Sec. Y that keeps the vortices in
the channels. It is interesting to note that the transition from
V to IV is quite broad and some small steps appear in this
transition region. We believe that the steps occur as indi-
vidual commensurate rows become pinned. As each row is
pinnedV, drops suddenly and then levels off until another

FIG. 20. The average longitudinal velociy, of the vortices  row is pinned. The 1D incommensurate-flow phase IV per-
versus driving force 4, for r,=0.2\ (top curvg and 0.3 (lower  sists down to abouty~0.22f4 and then jumps to phase III.
curve, with smaller peak arounig~0.43,) for samples with the  The flow remains in region lll almost down to the depinning
same parameters as in Fig. 19. This figure shows the remarkabfgrce observed in the initial ramp-up curve. At this point, it
difference in the shape of the curves. FQr=0.2\, phase lll is  jumps briefly to phase Il and finally reaches the region |
much larger; als_o its 11I-IV phase boundary is marked by a sudderpinned phase. The width of the hysteresis curve is quite
and large drop in the voltage. large, e.g., af4=0.5f, the fraction of mobile vortices is

there is asharp increasén the number of six-sided polygons = 0-27 on the ramp down ang=0.94 on the ramp up. No-
corresponding to the ordering of the lattice at this stage. Ifice that region IX doesotoccur on the ramp-down portion.
this regionPg reaches a local maximum value@§=0.8. At  |f we ramp up the force again, the system will follow the
the transition to thigeentrantdisordered-motion phase I, same curve as the initial ramp-up curve.
there is another drop iPg to an average value oPg In Fig. 23b) we show a hysteresis plot of the same sys-
=0.58. As the lattice finally moves out of region IV and into tem shown in Fig. 2@) except that the maximum driving
region V, the number of six-sided polygons once again riseforce f4=0.5%, places the system in region Ill during the
to Pg=0.9. It does not reacliPg=1.0 because of the 1D initial part of the ramp down. The reverse curve follows the
incommensurate structure of phase V. forward curve down to about= 0.4f, where it enters phase
To show conclusively that region IX in Fig. 21 represents|X at the same point that region IX ends on the ramp up. The
a distinct dynamical phase, in Fig. 22 we plot a snapshot ofamp-down curve in phase IX has a slightly higher number
the vortex lattice(@) and the vortex trajectorie®) in phase  of mobile vortices, causing this curve to lie above the
IX. Here we can see a remarkably different behavior fromramp-up curve. The reverse curve is smoother and lacks the
that observgd earlier. The vortices trave;l in well-deflned_ flowgmall jumps seen during the ramp-up phase. During the ramp
channels with most of the vortices movibgtweerthe hori-  qown, region IX persists below the driving force at which
zontal pinning rows and a small number of vortices pinned ahpases 111 and 11 appear on the ramp up, and then abruptly
the pinning sites. The motion is distinct from the .|nterst.|t.|al ends when the vortices repin at approximately the driving
flow of phase Il where only a small number of interstitial ¢ . . \eeded for initial motion on the ramp (ge., the I-I

vortices were mobile and all the pinning sites were occupied ) : : )
The motion isnotin straight 1D paths along the longitudinal famp-up phase bour)dary.phas"e‘ms strong hysteresis sug
sgests that phase IX'is a first-order transition.

direction, as in phases I, IV, and V, but wanders in the tran Iy
verse direction. As can be seen in Fig(t22 the wandering To understand the appearance of a distinct phase IX for
gmall r,, we must consider that, prior to region 1V, the

is caused when the flowing interstitial vortices are deflecte y Y )
by a small number of pinned vortices. The trajectory linesSamPple is in the random-flow phase lil. In this state, the
show that the vortices travel in paths that are stationary iiyortices are being pinned and depinned at random. A large
time. There is alsmo depinningof vortices from the pinning Portion of configuration phase space can be explored and
sites. This behavior is very different from that seen in phasénany different configurations are possible. One possible
ll, where the channels are changing rapidly as a function ofonfiguration has most of the vortices flowing in between the
time, and vortices continuously depin and become pinnedvortex rows while a small number of vortices remain pinned
Interestingly, the number of vortices pinned at the pinningat the pinning sites. The vortices at the pinning sites cause a
sites isexactlythe number of extra vortices aboig. After  deflection of the vortices that are moving in between the
region IX, as the driving force is increased, the flmenters  pinning rows. It can be seen that if the pinning radii are too
phase Il when the combination of the driving force and per-large, the deflected vortices will be trapped at the pinning
turbations from interstitially moving vortices begin to depin sites. If the pinning sites are small, vortices can pass the
the vortices at the pinning sites. pinned vortices without being trapped by a pin, and continue
to flow between the pinning rows. We write a minimum
criteria for this continuous flow by assuming that a pinned
The phase IX displays some remarkable hysteresis proprortex deflects a flowing vortex by a distance of X0=5a/4

erties. In Fig. 23 we examine the hysteresis of a system withwhich is close to the deflection distance observed in Fig.

° o
- [=>]

Average Longitudinal Velocity V,
o
¥

0 0.2 04 0.6
Driving Force f,/f

C. Hysteresis for winding interstitial phase X
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FIG. 21.(a) The average longitudinal veloci, vs driving forcef y and(b) the fractionP¢ of sixfold coordinated vortices versus driving
for a sample with the same parameters as Fig. 19 with0.15\. Regions I, II, lll, IV, and V correspond to the dynamic phases discussed
in Sec. lll. Phase IX occurs at the interval (0fg%f;=<0.4f,) of the voltage-current curve where the fluctuati@ghg, in the velocityV,
become significantly smaller than fluctuations in the surrounding regions. In this phase IX the voltage-current curve is approximately linear.
In (b) the fraction of six-sided Voronoi polygons is presented. In regions IX and V, there is a relativel higfhe value ofPg is relatively
low for the pinned phase | since the underlying lattice is square.

22(b)]. Since the center of each pinning site is located acausing additional deflection in thedirection and prevent-
distancea/2 from the interstitially moving vortices at their ing continuous flow until smaller pins are used.

point of close proximity, it is expected that continuous wind-
ing interstitial motion(phase IX will occur for pinning sites
of radiusr ,<a/4. This can be seen in Fig. @2 where some
winding paths almost collide with the pins. If the latter were
slightly larger, the winding path would be blocked. Contrary  Another important parameter to vary is the amount of
to this, the onset of continuous flow did not occur until thedisorder in the pinning array. This can be accomplished by
pinning radius was reduced 1g=0.175. To understand gradually displacing the pinning sites by small random dis-
this, we note that in Fig. 22 there are several plagkisd tances from the original square lattice positions. Thus, we
and eighth rowswhere two vortices are pinned in a row, consider the effect of randomly displacing individual pinning

IX. DYNAMIC PHASE DIAGRAM FOR GRADUALLY
VARYING THE DEGREE OF DISORDER
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FIG. 22. A snapshata) and trajectoriegb) showing the vortex structure and flow paths for the winding interstitial phagsd& Fig. 21
at fy=0.38f,. Here,r,=0.175, B¢=0.25b0/)\2, andB/B,=1.062. Here the vortex lattice is relatively ordered and features interstitial
flow around a small number of pinned vortices.(b) we see that the flow occurs in channels that do not change in time. Bends in the
channels occur near pinned vortices. This phase differs from phase VIII in that the latter has a much larger fraction of pinned vortices.

sites up to an amourdr from the ordered lattice position. In ning rows. As the pinning sites are disordered, it becomes

terms of the lattice constarat, we will consider the maxi- increasingly difficult to create 1D straight paths that follow

mum casegr =a/2, to be a good approximation to a totally the pinning sites. For the system in Fig. 24, whén

random pinning array. =0.0& andr,=0.3\, the maximum transverse displace-
In Fig. 24 we present the phase diagram for varying disiment of two pinning sites in a row is 0.46f one pin is

order, where maximum displacements updte=a/2=\ are  displaced a distancéy= +0.08 and the other a distance

used, and in Fig. 25 we present tiél) curves for the case JSy= —0.08. When this occurs, we have

with B/B,=1.062, f,=0.625,, B¢=O.2@o/>\2, a=2\,

andr,=0.3\. As the amount of disorder is gradually in- 20y=r,

creased from zero, the disordered flow region Ill grows while

the ordered flow phases Il and IV shrink correspondingly[because here: &=0.16a=>r,=0.3\=0.3(a/2)=0.15a].

Region Il shrinks since the displacement of pinning sites intan this case, a vortex cannot travel in a straight path along the

the interstitial areas allows interstitial vortices to approachongitudinal direction and still intersect two consecutive pin-

pinned vortices more closely, resulting in a lower depinningning sites, so the 1D incommensurate motion of phase 1V is

transition. lost. From Fig. 24 we find that the disappearance of region
The V(l) curves in Fig. 25 also emphasize the change iny occurs near a maximum transverse displacemendyof

the flow behavior. For disorder greater thém2a>0.05, the  =0.08a=0.16\, giving 28y~0.32>r,=0.3\, which is in

phase Il to Ill transition is no longer discontinuous. The sizeagreement with the inequalityd=r, that signals the dis-

of the jump down in the voltage at the phase boundary fromappearance of phase IV.

[l to IV transition also decreases. For large enough disorder,

as in Fig. 2%c), only a small dip can be seen marking the

Il-V phase transition. For disorder greater thai/2a A. Formation of vortex channels in samples with a random

=0.125, as seen in Figs. @b and 2%b), phase IV disap- distribution of pins
pears and there is no longer a sharp boundary between re- For 6r>0.1% there are only three dynamical phases:
gions Il and V, as indicated by the dotted line in Fig. 24. Forregions I, Ill, and V, with region Il only occupying a negli-

or/2a>0.125, an increase iRg nearfy=f, indicates that a gible part of the dynamic phase diagram. These three regions
transition from a less ordered to a more ordered vortex latticare consistent with results obtained theoretically and experi-
still occurs even in the presence of disordered pinning. Thisnentally with random pinning arrays. As the disorder in-
has also been observed in other simulations with randorareases, the nature of the flow in disordered flow phase IlI
pinning>®26-2"We label this flow regionV, to distinguish it  changes due to the presence of randomness in the location of
from the 1D incommensurate channels seen in phase V. the pins. In particular, the dynamics of the vortices at the
From Fig. 24 it can be seen that 8t~0.08a, phase IV  onset of region Il is distinct from that of the higher drives.
disappears. This can be understood when we consider that, We have found that in the regime of higher disorder there are
region IV, vortices flow in straight 1D paths along the pin- two different plastic flow phases: a single-channel flow
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FIG. 23. Hysteresis in th¥(l) curves for a system with the same parameters as in Fig. 19 and y#t0.125.. In (a) the maximum
driving force is brought up td4=0.75f, at which point the vortices are in the phase V flow. The reverse or ramp down curve retraces V
and then enters region IV that is not seen on the ramp up. Notice that the percentage of mobile vortices is significantly smaller during the
ramp down, as indicated by the much lower value/gf From phase IV the flow jumps up to region Ill and phase IX doesappear on
the ramp down. Irtb) the driving force is brought up to a maximumff=0.5%,, at which point the vortices are in phase lll. In the reverse
curve, region IX persists well below the driving force at which it appears on the ramp up, passing both the first phase Ill and also phase II.
Notice that in(b) the density of mobile vortices is higher on the ramp down than on the ramp up. This is opposite of what is st@wn in

phase, and amtermittentchannel flow phase where some pinning of vortices for the case @dr=1.0n on the dynamic
channels form, freeze, and flow agaft*33 phase diagram. A running average over a period of time was
We observe that, for large values of the disorder, the iniperformed to remove small time scale fluctuations from the
tial depinning of vortices occurs by the formation of specificdata. Here it can be seen that in the initial part of ¥h¢)
channels that are stationary in time. In Fig. 26 we show aurve there is a jump iV, at f4=0.2f; and a plateau for
small section of the voltage-current curve for the initial de-0.1%,<f;=<0.206&,. The value ofV, at f4~0.207, rises
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FIG. 24. Dynamic phase diagram for gradually increasing the 8
amount of disorder in the periodic pinning array figr=0.625, @
r,=0.3\, B/B,=1.062, ancB¢=O.25bO/)\2, for an initially square < I
lattice 8r/2a=0. The disorder is created by displacing the square = 0.4 | 3r2a=0.05
pinning array positions random distances uniformly distributed L
from zero toér. As the amount of disorder is increased, the 2D 0.0
disordered-flow phase lll grows while the ordered-flow regions 08 |
shrink: phase IV disappears at/2a~0.08, and region Il disap-
pears aroundsr/2a=~0.25. For disorder larger tha#r/2a~0.25, %
only three(l, Ill, V) phases exist, which is in agreement with pre- = 0.4 | 8/2a=0.025

(e)

vious studies on totally random arrays of pinning sites. Region L g
V andomiS Similar to region V with the vortices moving in roughly 0.0 ) , . ’ , ‘
1D channels; however, the increasing randomness of the pinning 0.0 0.2 0.4 06 0.8

locations causes increasing wandering of vortices in the transverse
direction to occur. The dashed line separating region Ill and region
V andomindicates the lack of a sharp boundary separating these two FIG. 25. Average vortex velocity
phases. L :

Driving Force f/f,

vs driving force fy for
different amounts of disorder in the same system shown in Fig. 24.

. . ) . When the pinning sites are displaced about 15% or less from the
again to a second plateau at which poihtagain becomes perfectly periodic casér/2a=0, all the phase$l through V) are

roughly constant. These two jumps Wf correspond to the yresent. For disordesr/2a=0.075 and higher, as ifg), (b), and

opening ofsingle 1D channels of mobile vortices. In Fig. (g), the discontinuity at the phase boundary II-11l is lost.(& and
27(a) we show the vortex trajectories for the first plateau in(p), for disordersr/2a=0.125 region IV vanishes.

theV(l) curve, labeleda) in Fig. 26. Here we can see that a
_single_c_hanne_l has app_eared. This channgl consists of sixte%) in the V(1) curve in Fig. 26. Figure 28 contains a blowup
interstitial vortices flowing around the vortices pinned at the of an area near this channel, and shows the interesting phe-
pinning sites. For Fig. @), the driving force in thexdirec-  nomena of a vortex located in an interstitial site near a chan-
tion is f4=0.206 o, and thus we estimate that if the vortices ne| exhibiting a circular orbit. As interstitial vortices flow
were moving freely we would have past in the channel, they change the energy landscape expe-
rienced by the interstitial vortex near the channel, causing
Vx/N,=16f4/N,=16(0.2061/344=0.0096,. this vortex to move in a circular manner. The presence of
The value from th&/(1) curve isV,=0.0092f,. This actual  this interstitial vortex also causes the nearby vortices in the
value is lower as a result of the slower vortex motion in thechannel to slow down as they pass its location. Although the
channels caused by the existence of points along the chafircularly moving “turnstile” vortex is not moving directly
nels where vortices are temporarily immobile or are sloweddlong the direction of driving, it still contributes to the dis-
down. The features of the channel motion shown in FigSipation of energy. It can also be seen in Fig. 28 that the
27(a) do notchange with time. To test whether this motion is Vortices in the pinning sites near the channel shift a small
truly constant as a function of time, we placed the system a@mount as the vortices in the channels move through.
point (a) of Fig. 26, corresponding to the channel shown in
Fig. 27a), and ran the simulation for VD steps; we C. Formation of multiple and intermittent channels

found h in th tex trajectories. . .
ound no changes in the vortex trajectories The second plateaub) of Fig. 26 in thel -V curve corre-

sponds to the opening ofsecond channebf flowing inter-

stitial vortices. This is shown in Fig. 23). The second chan-
Let us now more closely examine the winding vortex nel is similar to the first, with thirteen vortices flowing in the

channel shown in Fig. Z@), which corresponds to the point interstitial region. The overall motion of the vortex lattice at

B. Vortex “turnstile” motion near 1D flow winding channels
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‘ gradient-driven simulations with random pinning arrays

(@) 1,=0.203f | where interstitial channel behavior was observed when

0.02 - d 0 4

(b) f,=0.211, ; B/B¢> 1.

The results shown here for the network of channels at the
‘ onset of depinning are similar to those observed recently for

0.01 [ (d) f,=0.235f, -

w | other simulation$® There are, however, several important
©

(c) f,=0.22f, (d) v

differences. In the system presented hedg<N, and the
long-lived channels consist predominantly of interstitial vor-
001 ¢ . /\/,J\/\ | tices moving around the pinned vortices. We have also ob-
® served several remarkable features that are a direct conse-
/V/ quence of the existence of two species of vortices, including
001+ / 1 interstitial vortices moving in circular orbits near the flowing

@ g channels.

000 - Yy om 05a X. DYNAMIC PHASE DIAGRAM FOR VARYING

Driving Force f, /1, DENSITY OF PINNING SITES

Average Longitudinal Velocity V,

FIG. 26. The voltage-curreM(l) curve for the initial depinning A-nother qua_ntlty that_ can be. varied na controlied man-
transition,f4=0.20f, to f 4= 0.24f, for ér =a/2. The curve shows ner 1s the dens'ty_'p of pinning S_'tes' In_FIg. 29 V_Ve keetb
several jumps and plateaus V) labeled(a), (b), (c), and(d). The andr,, fixed, but increas@, by increasingN, while corre-
plateaus(a) and (b) correspond to the formation singlechannels ~ SPondingly increasing so as to keep the rati/B, constant
of flowing vortices and(c) and (d) correspond to regions where at B/B,=1.065. We consider the cases frons,
multiple channels aréntermittentlyflowing (Ref. 33. =0.0388P,/\? to B¢=O.892D0/)\2. IncreasingB, has the

same effect as increasing the vortex-vortex interaction since
this point is again periodic as a function of time. As thethe intervortex spacing decreases. In Fig. 30 varid(k)
driving force is increased further, the vortices in the twocurves are presented that show how regions | to V change
channels shown move faster, but the other vortices remaigith increasingB .
pinned. Figures 29 and 30 show that for lovB,, B,

For fq in the range 0.212,=f4=0.225,, a number of <0.3®,/\2, where the pinning lattice constaatis large,
jumps in theV(l) curve shown in Fig. 26 can be seen, indi- the range of driving forces that place the system in phase Il is
cating that the motion is no longer periodic in time. In Fig. the largest and decreasesBysis increased. A increases
27(c), corresponding tdc) in Fig. 26, we show that a num- when B, decreases the strength of the interstitial pinning
ber of channels have now opened; however, unlike the moforce created by the vortices at the pinning sites decreases as
tion of the channels before, these channelscasngingover  predicted by inequality(6), and thus the transition from
time, with certain channels opening and closing, and nevphase | to Il occurs at a lower driving force. On the other
channels forming and reforming:**The middle channel can hand, for increasing, the II-1ll phase transition occurs at

be seen tdoranch off forming two separate channels. Right higher f4. This is a consequence of the inequakg), f,
before this bifurcation, near the center of the figure tOWﬂI’dS>{f§+fi2j[(a+ rp)/2]}1/2. The term f;[(a+r,)/2], the
the left edge, another single vortex channel that broke offortex-vortex repulsion force at the distance of closest ap-
from the primary central channel rejoins the central Cha”“ebroach, decreases for largeand hence smalleB,, so that
after making a small loop. Complex channel structures ca . myst be increased for inequalit9) to be invalid and the
also be observed in the bottom right and top left of Fig.iansition to region Il to occur. Similarly, region IV grows
27(c). ) ) o ) ) asB; is increased and is correspondingly decreased. This

At higher drives, as in Fig. 2d) corresponding to point  4ceyrs since, aa in inequality (13) is decreased, the term
(d) in the V(I) curve of Fig. 26, the channel behavior be- ¢ Ia/v3+r )] increases so that a lower driving force is
comes even more ramified and complicated, with a 'arg%ecessary for the transition into region IV. At<1.58\,
amount of branching occurring. There are certain place%orresponding toB,=0.40,/\2, region Il becomes mi-
where single vortices jump from one channel to another. Th‘fqutely small. as se¢en in Fig. 2@_

channels also start to lose their strictly 1D characteristic 5. <0.0938b,/)\? the 2D disordered phase 1l disap-
since in some places the flow channels are wide while iy, . ﬁbowever region V still appears. Bg is increased
other places the flow is quite narrow. The branches of t_h he transition to phase V becomes broader as seen in Fig. 30.
channels do not carry the same number of vortices, Withrno nset of region V also occurs for a lower driving force
some channels containing up to 25 vortices and smaller sulg, higherB,. We believe that this is because mobile rows
branches containing only one or two vortices. Another féasoy hhase IV interact more strongly with immobile rows at

ture that can be seen from the evolution of the channel netﬁ- : : .
) . igherB, causing the whole lattice to move at a lower driv-
work, from (a) through(d), is that although the channels in 9 ¢ 9

. . . ing force.
(c) and (d) are changing considerably, certain channels are 9
robust and appear throughout the sequefae(d). In par- XI. VORTEX DYNAMICS ON A TRIANGULAR
ticular, in (a), the first channel that opened is robust and PINNING ARRAY

remains throughout the sequen@—(d). A full statistical . o _
analysis of the channels will be presented elsewhere. The Besides the square pinning arrays’ used in most
results shown are consistent with our resdifs for flux-  experiments;51-53555§t is also possible to create triangular
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FIG. 27. Vortex trajectories corresponding to the regions lab@gdd) in Fig. 26. In(a) a single channel of about sixteen predomi-
nantly interstitial vortices can be seen.(lp a second channel containing twelve vortices appears. These two channels do not change with
time. In (c) several channels can be observed; however, some of these channetsrangtentand form and reform while others, such as
the channels still remaining froifa) and(b), are robust. Ind) more channels can be seen. Note that some of the channelgdr@re no
longer flowing in(d). However, the original channels frofa) and (b) are still present.

pinning arrays}“%54Although we have not studied triangu- a value off 4~0.14&,, while for the triangular array it oc-

lar pinning arrays in as much detail as the square arrays, theurs at a lower valué ~0.07d . The flow of the vortices
runs that we have conducted strongly suggest that most d@fi each of the regions is the same in both the square and
the results from the square arrays should carry over to triantriangular arrays with the exception of phase(iliterstitial
gular arrays of pins. In Fig. 31 we show a voltage-currentilow); here, as can be seen in Fig. 32, the interstitial vortices
curve for a system with the same parameters as in Fa&. 2 flow in a zig-zag manner when the pinning is triangular as
except with a triangular pinning array. Phases | through Vopposed to the straight paths seen for the square pinning
correspond to the same dynamic phases found for the squaagrays.

array. The major difference is in the values of the driving Figure 32 also illustrates several results found in both
force at which each region appears. For instance, the onset tfangular and square arrays. For instance, the vortices right
the 1D interstitial flow region Il in the square array occurs atnext to interstitial channels tend to slightly move inside their
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FIG. 28. Magnified view of the center-bottom part of Fig(®7 | (c)
showing the “turnstile” circular motion of an interstitial vortex
near the channel. As the vortices in the channel move past, the 0.6
interstitial vortex moves in an approximatedircular path > I
04 -
wells [as in Fig. 3a)]. The vortices in the 4th, 5th, and 6th i
horizontal rows of pins barely move at all. Also the 1st, 2nd, 02 1 I
5th, 6th, and 7th interstitial vortex channels show vortices L
near “closest proximity” to two neighboring pinned vorti- 0 ; . : . |
ces. This is analogous to the situation shown in Fig. 6, where 0 0.2 0.4 0.6
the pinned vortices move away from the nearby interstitial Driving Force fd /fo
vortex.
FIG. 30. Average vortex velocity, vs driving force for sys-
XIl. SUMMARY tems with the same pinning parameters as in Fig. 29 V&hB,

_ . =0.75Db,/\?, (b) B,=0.4d,/\?, and(c) B,=0.25P,/\?. For the
To summarize, we have conducted a systematic study of grgerB, in (a), the high pin density suppresses the disordered 2D
driven vortex lattice interacting with a periodic pinning sub- flow phase Ill and reduces the interstitial motion. For the smajjer
in (a), the pin density is low favoring phase Il for a large range of
1.0 ‘ ' T driving forces, narrowing phases Il and IV and maximizing phase
.

08 ]
| strate for a wide variety of tunable parameters. We find a

very rich range of remarkable plastic flow regimes that are

o
o
T

Pinning Density B,

02 r

o
(=]
——— Py °

it

0.4
Driving Force f,/f,

08

distinct from those observed in random pinning arrays. We
directly image the various flow regimes and relate them to
macroscopic measurable transpd(t) curves. By perform-
ing a series of simulations as certain parameters are varied,
we have constructed numerous nonequilibrium phase dia-
grams as a function of driving force. We find that many of
the features in these phase diagrams including phase bound-
aries and the nature of the transitions can be understood in
terms of force balance equations.

We have shown that for $B/B,<1.5, five distinct dy-
namical phases are present, which we characterize as a

FIG. 29. The dynamic phase diagram fyvs driving forcef, ~ Pinned phase where the vortices are immobiégion ), an
with f,=0.625, r,=0.3\, andB/B,=1.062, with a square pin- interstitial flow regime where the vortices flow in 1D paths
ning array. The 1D interstitial flow phase Il is largest for I&y. ~ between the pinning rowdl), a disordered motion regime
The pinned region | and the 1D incommensurate phase IV grow awhere both depinned vortices from pinning sites and intersti-
B, is increased. Increasing, increasesn, and thus effectively tial vortices move(lll) and 1D incommensurate motion
decreases$,, . where the vortices are localized to flow in 1D paths along the
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06

x

02

Average Longitudinal Velocity V,

FIG. 31. Average vortex velocity, vs driving forcef for f,
=0.625,, r,=0.4\, B/B,=1.062, andB,=0.26D,/\?, with the G 5 6 o 6 06 6 6 o o
pinning sites located in @iangular array. Although the parameters
for this system are very similar to those used in Fi@) 2the onset
of the different flow regimes occur at different values. The dynamic =
phases marked | through V correspond to the same phases depicted F|G. 32. The trajectories of the interstitial vortices for the inter-
in Fig. 2a). The onset of phase Il occurs f~0.12f,, region Il stitial flow phase Il for the sample with iangular array of pin-
atfq~0.31f,, phase IV aff 4=~0.3%, and region V just below,.  ning sites used in Fig. 31 d=0.22f,. Here, the interstitial vor-

tices move in a zig-zag manner, compared to the straight interstitial

pinning rows, while rows with a commensurate number ofPaths for phase-Il motion for a square pinning array shown in Fig.
vortices remain pinnedV). This final 1D incommensurate

flow regime continues into high drives, becoming a regime

in which the entire lattice move®/). The onset of some of cancies. AB/B,=1, the critical depinning force is the larg-
these phases manifest themselves as large jumps or dropsest and only two phases are present: a pinned and flowing
the V(I) curve. We also find that only certain dynamic phase. These different phases are summarized in Table I.
phasege.g., lll and I\V) show a large amount of hysteresis. We also find that by systematically disordering the pin-
Another characteristic of these flow regimes is the existencaing sites, regions Il and IV gradually disappear and the
of a large barrier to a transverse force for flow phases II, IV sharp transitions from one flow region to another become
and V. We have shown evidence for another phase, regioless sharp. The dynamical phases associated with random
VI, for 1.5<B/B,<2, in which certain rows of commensu- pinning arrays are recovered in agreement with results found
rate vortices become depinned and start flowing in static inin other work. We have also looked at the effect of changing
terstitial channels. FoB/B,>2, we observe phase IX mo- the density of pinning sites, and find the onset of phase IV
tion, where only extra vortices in the interstitial vortex lattice occurs for lower drives and region Ill disappearsBysis
move. ForB/B,<1, motion first occurs by the flow of va- increased.

TABLE |. Characteristics of the dynamic flow phases. A flow phase is defined to have hysteresis if the
phase persists further on the ramp down portion of\tEl curve. For strong disorders( =a/3) added to
the location of the pins, several dynamical phases disagpearFig. 24 In regions IV and 1\(,, commen-
surate rows remain pinned while in region V both commensurate and incommensurate rows are mobile. Both
phases IX and VII have winding interstitial channels or QDasi-1D order. Phase VII has more pinned
vortices than phase IX.

Dynamic phase Description Flow paths Hysteresis Fluctuations

| Pinned Stationary No None

Il Interstitial 1D flow Stationary No Small

[} Disordered 2D flow Changes Yes Large

IV Incommensurate 1D flow Stationary Yes Medium

IV yac Vacancy 1D flow Stationary No Medium

\% Incommensurate 1D flow Stationary No Large

VI Partially ordered Q1D flow Changes Yes fBr>2B; Medium

Vil Winding interstitial Q1D flow Stationary Yes Small

VI Incommensurate interstitial 1D flow  Stationary No Small

IX Winding interstitial Q1D flow Stationary Yes Small
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Although we have only looked at a relatively small por- different kinds of pinning lattices experimentally, such as
tion of phase space, we believe that our results give a faitriangular, honeycomtkagome quasiperiodic, or quasicrys-
picture of the exceptional dynamics exhibited by these systalline lattices. These will be considered in the future.
tems. Recent experiments with superconducting samples
containing periodic arrays of pinning sites have shown that it
is possible to create periodic pinning structures in which ACKNOWLEDGMENTS
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