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Complex dynamical flow phases and pinning in superconductors with rectangular pinning arrays
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We examine vortex pinning and dynamics in thin-film superconductors containing logarithmically interact-
ing Pearl vortices moving through square and rectangular pinning arrays for varied vortex densities including
densities significantly larger than the pinning density. For both square and rectangular pinning arrays, the
critical depinning force shows maxima only at certain integer matching fields where the vortices can form
highly ordered lattices. For rectangular arrays the depinning force and commensurability effects are aniso-
tropic, with a much lower depinning threshold for vortex motion in the easy-flow directions. We find evidence
for a crossover in pinning behavior in rectangular pinning arrays as the field is increased. We also show
analytically, and confirm with simulations, that f&=2B the strongest pinning for one direction of the
driving force can be achieved for rectangular pinning arrangements rather than square ones. Under an applied
driving force we find a remarkable variety of distinct complex flow phases in both square and rectangular
arrays. These flow phases include stable sinusoidal and intricate pinched patterns where vortices from different
channels do not mix. As a function of the driving force certain flow states become unstable and transitions
between different phases are observed that coincide with changes in the net vortex velocities. In the rectangular
arrays the types of flow observed depend on the direction of drive. We also show that two general types of
plastic flow occur: stable flows, where vortices always flow along the same paths, and unstable or chaotic
flows.
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[. INTRODUCTION matching fields different types of ordered vortex crystals can
be stabilized. In the samples imaged by Haradal,® it

Vortex pinning in systems where defects are arranged invas found that beyond the first matching field all the pinning
periodic arrays are an ideal system in which to study optimasites are occupied with a single vortex and that the additional
pinning arrangements and commensurability effects since theortices sit in the interstitial regions. The particular vortex
properties of the pinning sites, such as the size, periodicity ofattice symmetry found at the second matching field was
the array, and array geometry, can be highly controlledsquare; at the third matching field there was an ordered lat-
Early work on vortex lattices interacting with periodic sub- tice with alternating pairs of interstitial vortices; while at the
strates was done on multilayer systems where the vorticefourth matching field the overall lattice was triangular. The
interact with a corrugated substrat@ther work has exam- same types of ordered vortex lattice crystals were also seen
ined two-dimensional periodic arrays that can be fabricatedh simulations with square pinning arrays and additional
using nanolithography techniques in which periodic arrangetypes of stable vortex crystals were observed for triangular
ments of microhol€s® or magnetic dof$~?°of various ge-  pinning array$! Recent scanning Hall-probe experiménts
ometries can be constructed. A more recent technique is theave found various ordered rational fractional fillings less
use of Bitter decoration where the magnetic particles usethan the first matching field and have also shown that for
for the initial decoration can act as well-ordered arrays offields greater than the first matching field, both multiple vor-
pinning® In these systems commensurability effects can beex occupancy per pinning site, as well as vortices that are
observed in the form of peaks in the critical current at fieldslocated in the interstitial regions, can occur.
where the number of vortices equals an integer or a fraction Most experimental studies of vortex matter interacting
of the number of pinning sites. At these commensurate fieldsith periodic pinning have considered square and triangular
the vortices can form a highly ordered lattice where vortex-pinning lattices. Some recent studies, however, have been
vortex interactions that reduce the effective pinning are miniperformed with Kagome pinning arrays, which produced
mized, while at incommensurate fields the vortex lattice carpronounced matching effects at noninteger matching figlds.
be disordered and vortex-vortex interactions make the pinPeriodic arrangements with rectangular geometries of mag-
ning less effective. Direct imaging of vortex structures with netic dot3®2° and hole&??23 have also been studied re-
square pinning arrays have been conducted with Lorentzently. In these systems there can be two periodicities asso-
microscopy’ and scanning Hall prob&sthat have con- ciated with the two sides of the rectangular calandb. In
firmed that the vortices form highly ordered crystals at theexperiments with magnetic défs°a field-dependent cross-
integer and some fractional matching fields. These imagesver in the commensurability effects was observed. Sharp
along with simulation® have also shown that at the different low-field matching effects occurring at every integer match-

0163-1829/2001/64)/01450114)/$20.00 64 014501-1 ©2001 The American Physical Society



REICHHARDT, ZIMANYI, AND GRONBECH-JENSEN PHYSICAL REVIEW B54 014501

ing field were found to cross over to much broader matchindgerent flow phases. Evidence for such transitions has been
effects occurring at fields where the vortex density matchesbserved in transport measuremefitspltage noise? neu-
with the periodicity of the short side of the rectangular pin-tron S_Catt%[iﬂ@f‘ Bitter-decoratior?»**  STM,*"  and
ning array. In these systems one would expect an anisotropﬁ!mU|at'0”§ 'I2'hese moving phases have also been stud-
response, with a lower pinning or easy flow direction®d theoretically. . .
through the wide end of the rectangular cell since the flow of, M this work we present the results of simulations for vor-
interstitial vortices will be less impeded by the vor'[icestICes In 2D superconductors interacting with square and rect-

. " . angular pinning arrays where the vortices are modeled as
pinned by the dots. Additionally one would still expect an peay| yortices interacting with a logarithmic interaction. In
anisotropic response due to increased vortex-vortex interagsarticular we examine the pinning characteristics and the dy-
tions along the short end of the cell at the incommensuratfamical states. In previous simulatiéhenly square and tri-
fields that will lower the pinning force for fields less than the angular pinning arrays were examined and the dynamical
first matching field, as well as for fields greater than the firstflow states were only examined in detail for filling fractions
matching field when multiple occupancy per pinning site oc-less than 2.25. In addition previous simulations calculated
curs. Recent magneto-optical imaging experiments irthe magnetization curves but did not calculate the depinning
samples with rectangular pinning arrays have found evidenctrce directly from current-voltage curves. Here, we examine
for anisotropic vortex flow? Anisotropic pinning has also anisotropic pinning by considering rectangular pinning ar-
been observed in related systems where the individual pinfays fora/b=2,1.6, and 1 under applied driving. We have
ning sites have an anisotropic geométty. also calculated analytically the critical currents in thendb

In square pinning arrays recent simulations have showslirection at the second matching fields as a functiomudf

that a remarkable number of distinct dynamical phases ar@nd find that the critical current is optimal not fafb= 1 but
possible when the number of vortices is larger than the numfor a rectangular geometry when driven in certain directions.
ber of pinning sites. These phases include one-dimension&Cr Square pinning arrays we find much more pronounced
flow of interstitial vortices, random plastic flow, solitonlike Matching effects at integer and fractional matching fields for
flow along the pinning sites, and coherently moving elasticIOW applied fields; however, fqr higher fields the ma_tchlng
flow phase€® Other simulations of vortices in systems with €ffects are reduced and certain peaks are absent, in agree-

periodic pinning arrays have also observed transitions from 1SNt with recent experiments.For rectangular arrays with
different types of plastic flow to elastic flo%§:2’ a/b=2 we find that the shape and strength of the commen-

Experiments and simulations have also examined the pins_urability effects at the matching fields depends on whether

ning and dynamics of vortices in thin chann&s® where the driving is in thea or b direction. The depinning force is

the vortices moving through the channels experience a perl- uch higher alqn?hthe long dlrectI%nl._tWeﬁalsto f|rt1(rj]_e\r/]|?_elndce
odic potential created by the ordered lattice of vortices thafO & CTOSSOVer in the commensurabiiity €flects at high Tielas.

are immobile outside of the channels. Peaks in the critic ith the absence of pinning the vortices form a triangular

current are observed where the vortices in the channel caFfttice for the different vortex densities examined in this
form a commensurate ordering. Additionally simulatiéhs work. Images of the vortices in the rectangular pinning array

have shown that a wide variety of dynamical phases occu?hoW t_hat highly ordered vortex crystals are _stabilized at the
such as solitonlike flow, and a periodic winding motion of matching f|(_alds where.a peak in the depinning force is ob-
vortices. served, while more disordered crystals are formed at the

Experimentally, evidence for the flow of interstitial vorti- malthhcling fields ﬁyhgr;_p_eakfs are not %bse:\ée?. kab|
ces in samples with periodic pinning arrays where individual nder an applied driving force we show that a remarkable

pinning sites are small has been observed in transport meYa" ety of complex dynamical phases emerge in square and
surements and current-voltage curve3hapiro steps for the rectangular arrays. Thes.e phases_ depend strong_ly on the ge-
one-dimensional1D) flow of interstitial vortices between ometry_of the pinning lattice. Despite the complexny.of thgse
pinning sites with an AC and DC applied driving has beendynam|c phases two general classes of flow can be identified.

observed in experimerfsand simulationg® Direct imaging The first is elastic flow of a mobile sublattice of interstitial
of vortices using Lorentz microscopy has demonstrated thg;)rglces bIthc\jNi_en dplnnt?d vorgll%es Vtvr']th E[he VO:EEX motlonhm
1D flow of interstitial vortices between pinning sites as wel Stabie well-defined patterns. The other type of llow 1S a cha-

as pulselike motion of vortices along pinning sites and be—g.tIC %r T'X'_rllﬁ flow vyherehthe |r|1ter.:,]t|t|al vortex moft]iont 1S
tween the pinning sites. The pulse or soliton flow of vortices ISorderly. 1heé moving channels show a mixing efiect, in
hat the vortices from one channel move to other channels.

along the symmetry directions of the pinning arrays has als = .
9 y y P g y he stable, nonmixing flow phases occur only for certain

been observed with magneto-optical imaging. integer matching fields and rational machining fields. As a

In systems with random pinning under an applied drivingf ? f lied driving f q ical t i b
force the vortex lattice can exhibit different types of trans- unction ot applied driving force dynamical transitions be-

port behavior such as plastic flow, where the vortex lattice idween different types of flow states are possible that coincide

highly disordered or liquidlike and a portion of the vortices with features in the driving force versus velocity curves or
can remain immobile while other portions can tear past_voltage-current curves that can be detected experimentally.
There can also be elastic flow where the moving vortices Il SIMULATION

keep the same neighbors and the overall lattice structure can '

have a crystalline or smectic order. As a function of applied We simulate a thin superconductor where the vortices can

driving force transitions or crossovers can occur between difbe considered as 2D objects interacting with a logarithmic
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potential?® u,= —In(r), where energy is normalized #,

=d2/8wA, ®, is the flux quantum and is the effective
2D penetration depth for a thin-film superconductor. The 1.00
normalized overdamped equation of motion for a voiitéx

fylly

f“(LxLy)’/z

dri Vv vp
fi:z;j{::fi +_fi ‘Ffd::Vi. (1)
The normalized force on vorteixfrom the other vortices is
fi””=—2j¢iNvViUU(rij), whereU,(rj;) is the effective, re- 001l . ‘
summed, vortex-vortex potential between two vortices in a 05 10 15 50 55
computational cell with periodic boundary conditid{<Rin- L./L

ning is modeled as attractive parabolic wells with 7

0.10

fyllx

. FIG. 1. Critical depinning force for driving in thg direction
fiP=—(fy/rp)ri— riP| O(rp—|ri— rPPHriP . (2)  andy direction vs the aspect ratio of the rectangular pinning array

is th isid ¢ ion® is the | . o for B=2B,, as predicted by Eq5) and Eq.(6) for a constant,
Is the Heaviside step function,”™ is the location of pin- _ g with L, varied from 4.0 to 1.25. The filled circles are the

ning site k, f, is the maximum pinning forcefi(f)=(ri results from simulations.
—r{P)/|r;i—=r{P)|, andr, is the radius of the pinning sites.

The pinning sites are placed in a rectangular arraycreated by the vortices at the pinning sites. The vortex will

(nLy,mL,), wheren and m are integers. The characteristic move one dimensionally along the direction of the drive and

length, by which all lengths are normalized, is chosen to be&xperience the periodic potential created by the vortices at
ro="%r,. In a typical experiment,=400-900 nm and the pinning sites,
the pinning radius is 125 nm. The characteristic time in the

normalized equation of motion is= nrglAU , Wherey is the

Bardeen-Stephen friction. The equation of motion is numeri- dt

cally integrated by an Euler method using a normalized tim . . o
step ofdt=0.02. eI'he vortex-vortex interaction termiy(x,y) can be calcu-

The initial vortex positions are obtained from annealinglated using the resummation method for logarithmically in-

by a high temperature, where we add a Langevin noise terrﬁ?r"’min.g part_ic_:les in 26? the r_esulting eqluation of motion
fiT to Eq. (1) such that <fiT>:0 and (fiT(t)~ij(t’)> or an interstitial vortex(i) moving aty;=3L, along thex

=4T6;0(t—t"), whereT is the temperature normalized to direction is

dXi
— () =1q. (3

A,/kg, and kg is the Boltzmann constant. We choose an X,
initial temperature high enough such that the vortices are in a d % sin ZwL—)
molten state and cool td=0 in 20 increments where we X _m x

::fd'

1
K+=

27— 5

allow 20 000 time steps between each increment. This cool- dt Ly k=7 cos%
Lx

ing rate is slow enough that the vortices do not quench to a
liquid state but settle into a solid phase. We do observe in-
tricate solidifying behavior as we cool the vortices that will
be discussed elsewhere. After annealing, the driving force i
slowly increased fromfy=0 and the vortex positions and

velocities are monitored using\/x=2i’\'v§<-vi and V,

27
—CO 7TL—X

he maximum depinning force will occur when the summa-
lon term is maximum. In the limit ok <L, this happens
for x;=3L,, and the resulting critical force is,

=3,;My-v,. In this work we consider simulations where the . 2m Ly
driving is only in thex direction ory direction. The depin- fx:L_XseCV6 7T|__X . ®
ning force is defined as the force at which the vortex veloci-
ties reach 0.08;. This expression is accurate fog=<1.9_, (the error is about
0.2% forL,=L, and about 5% fot,=2L,). By symmetry,
lll. CRITICAL FORCE AT B=2B, we trivially write the corresponding critical force in the
] ] . o _ direction, forL,<L,, to be given by,
We first consider analytically the depinning threshold in
the case of the vortex lattice driven in th@r y directions at . 2w Ly
B=2B,, for arbitraryL, andL,. At this filling fraction the fyIL—ySGCVE WL—y) (6)

vortex lattice consists of the vortices at the pinning sites
along with well-ordered interstitial vortices located betweenwhich is then accurate fdr,<1.9,.

the vortices at the pinning sites. We make the assumption In Fig. 1 we plot the critical force in the direction andy
that the unpinned vortices form a perfect rectangular latticedirection from Egs(5) and (6) whereL, is kept at a fixed

so that they effectively do not interact due to symmetry.value of 2.0 and., is varied from 4.0 to 1.25. The depinning
With this assumption we need to consider only the depinnindorce can be seen to exhibit a strong anisotropy for varied
of a single interstitial vortex moving in the periodic potential L, /L, or varied unit cell directions that have a long and a
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short direction. The depinning force required for the intersti- I I I I I I I I I

—

tial vortices along the long unit cell vector of the pinning ) P UL
array is higher than the depinning force for motion along & ]
short unit cell vector. This is due to the difference in the 0lg El
shape of the saddle point in the potential, created by the F 17
vortices in the pinning sites, that the interstitial vortex moves 0.01 |- i

S
Y=
IN=
o -
=

through. . 01
Experimentally the behavior of the critical currents as pre- o
dicted from Egs(5) and (6) can also be used to determine
whether interstitial vortices are presentBtB,=2 as op-
posed to multiple vortices at individual pinning sites. In the
case of multiple vortices at the pinning sites the depinning g1
force would be independent of the ratio Iof /L, since the
depinning force will not be determined by the interactions
between the vortices due to the symmetry of the overall mul-
tivortex lattice, but will instead be determined from the
strength of the pinning site only. We also show in Fig. 1 the ¢

simulation results for the square (/L,=1.0) and rectangu- FIG. 2. Critical depinning force vs the fieB/B,, in a system
lar cases [, /L,=2.0 andL,/L,=0.5) for driving in thex i 5 square pinning array farL, =nLy=12.0. Peaks in the de-
andy directions showing excellent agreement with the preé-;nning force can be seen at most of the matching fields with a clear
dicted values. _ . . .. missing peak aB/B=7. In addition some clear peaks can be seen
Another experimental signature of interstitial vortices is 4t the fractional matching fieldd/B,=1/2, 3/2, and 5/2. The inset
the strong difference in the critical force betweenxf@ndy  shows the depinning force B/B,, for a system with the same

directions at.,=2L,. The critical force in they direction is  parameters but with the pinning sites in a random arrangement
already more than 50 times higher than the critical force irshowing the absence of matching effects.
they direction. Even experiments with a relatively small an-
isotropy ratio such ak,/L,=1.25 should seé¢/f{~3.

These results also show that the maximum pinning can bﬁwat observed by Metlushket al 3
achieved not with square arrays but with rectangular array

This enhancement is only for one of the directions ofdriving.the pinning sites. The peaks observed in Fig. 2 are much

gIgurg 1 s_hows that th‘? depInIIIng force fgr=2L in they stronger then those observed in magnetization measurements
irection is about 2.5 times higher than for the square cas?h simulations with flux-gradient driven vortices with short-
In practice the ratio ot /L, has a finite range in which it . iond Y .
can be varied due to the finite size of the pinning sites. range interactions. In that work commensuration enhgnce-
We note that we could calculate analytically the depin-Ments were not seen BIB,=3,6, or 7. The vortex configu-
ning force only aB=2B,, or for any otheB values where rations observed at the matphln_g erI_ds are the same as those
the interstitial-interstitial vortex interactions effectively can- for Ref 25. Another feature in Fig. 2 is that the height of the
cel. However, away from thé values leading to high- Peaks forB<5B, shows variations with the largest peak at
symmetry interstitial configurations, the depinning forcesB=4B, when the vortices form a triangular lattice as seen in
should still be anisotropic. The depinning force for an inter-simulations and experiments. Some experiments with square
stitial vortex near a single interstitial vacancy will be reducedand magnetic dots have observed strong matching effects at
from its value aB= 2B, by a quantity<1/L if driven inthe  everymatching field* suggesting the presence of multivor-
x direction and=1/L, if driven in they direction since the tex states in these systems. The inset of Fig. 2 shows the
vortex-vortex force goes likec1/rj; . Similar arguments for depinning curve for a system with the same parameters as
an anisotropic depinning force can be made for additionaFig. 2, but with the pinning sites in a random arrangement.
interstitial  vortices added to theB=2B, vortex Here the depinning force decreases with increasing field and
configurations. there are no peaks at the matching fields.
In Fig. 2 commensurability peaks at the fractional fields
IV. DEPENDENCE OF DEPINNING FORCE ON B/B,, IN A 1/2,3/2, and 5/2 can also be observed. Peaks in the critical
SQUARE ARRAY current at fractionaB/B, have been seen in experiments
with particularly pronounced peaks at 1/2 and 3/2 while
In Fig. 2 we show the dependence of the critical depin-weaker peaks were seen at 1/4,1/5, and 1/Tée vortex
ning force as a function d8/B,, for a system with a square configurations and dynamics at fractional matching fields are
pinning array. Here sharp peaks ﬁﬁl can be seen @/B,  studied in detail elsewhere. We do not observe any particular
=1,2,3,4, and 5. Smaller peaks are seerBiB,=6 and 8.  fractional matching except &/B ,=8.5 where a clear peak
At B/B,=7 there is no evidence for a peak. Another inter-in the critical current is observed. Such a commensuration
esting feature is that for 6B/B,<8 the critical force re- peak has not been seen in previous simulations or experi-
mains at an intermediate value that is higher than the loweshents. In Sec. YC) we show that a stable nhonmixing flow
critical current values foB<5B . This is a similar trend to  state occurs at this field.

w
~
o
< o

who claim that intersti-
Yial vortices are present f@/B,>1 due to the small size of
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the immobile interstitial vortices cannot move in 1D paths

s & o 6 o @ without entering a pinning site or coming close to the vorti-
ces located in the pinning sites. In FigcBat B/B,=9 the
@ & e & o o same type of 1D interstitial flow as in Fig(88 and Fig. 3b)

is observed but in this case there are two mobile rows of
vortices between the pinning sites and two immobile inter-

e o 6 o ® @ stitial vortices between vortices at the pinning sites. In Figs.
3(a,b,0 the vortex motion can be seen to be elastic with
® & & o o o respect to the mobile vortices in which the moving vortices
keep their same moving neighbors. Further, the vortices al-

(a) . . . ways flow in the same paths. At fields with a fraction of 0.05
higher or lower than the matching fields in Fig$a®,0 the
initial vortex motion occurs at the location of the extra vor-

B e e B ed G tex or vacancy in the ordered interstitial lattice. The depin-
ning occurs at a lower driving force than that at which the
*G B G 23 G 0 commensurate vortex configuration depins. The flow of these

extra interstitials or vacancies will again be in a 1D path

NIRRT along the direction of drive; however, the motion is not con-

PG c B e s e® e tinuous but occurs in a soliton or pulse fashion with the extra
interstitial or vacancy exchanging places with pinned vorti-
TG eB G +B 4B 0 ces as it propagates. A similar solitonlike motion of vortices
along the pinning sites has also been observed previously in
LNC) * ® L) . (® e ® LINC) . . §l d . té
D) « oo oo o veenn simulation$™ and experiments.

B. Sinusoidal flow states AtB/B,=5, 8, and 8.5

In Fig. 4@ we show the flow states &/B,=5 that
shows sinusoidal flow states of the interstitial vortices. Here
the vortex motion is not strictly 1D in the direction of drive
DDt @D oD@ but shows a periodic motion in the transverse direction as
well. In addition the vortices flow in the same paths and
vortices from one channel do not mix with vortices in the
other channels. In Fig.(8) a similar sinusoidal flow as seen
atB/B,=5 is observed with an additional square sublattice
D DD Dot D@ of pinned interstitial vortices at the center of the pinning
(© plaquette similar to the vortex configurationgtB ,= 2. For
higher drives the immobile interstitial vortices depin and the
vortex lattice enters a new flow phase. In Figc)4for
B/B,=8.5, where a small peak in the critical current is seen,
an interesting flow state is observed where there is a pinned
Ynterstitial lattice for every other interstitial vortex in the
middle of the pinning array plaquette. Additionally there are

c@ee@Desoe@ee@De s Do s@e

e@eoe@oe o@D e@ooe@eo@®e

s@Dee@ee@ee@osoe@es@® o

ce@es@eos@oes@oe@s s@® o

FIG. 3. Vortex trajectories for the system in Fig. 2 just above
depinning for(a) B/B,=2, showing the 1D flow of single rows of
interstitial vortices(b) B/B =4, showing the 1D flow of two rows
of vortices between pinning sites. Between each pair of pinnin
sites is a single immobile interstitial vortetc) B/B,=9, showing
the 1D flow where three rows of vortices flow between the pinning . . X T : ) .
sites while a pair of immobile interstitial vortices are located be-tWO immobile vortices between pinning sites in thelirec-
tween the pinning sites. tion. The vortex flow is a combination of 1D flow and sinu-

soidal flow with the sinusoidal flow occurring at every other

plaguette containing a pinned interstitial vortex.
V. DYNAMICAL FLOW STATES FOR SQUARE PINNING

ARRAY . . -
S C. Bistable flow states in the vicinity ofB/B ,=3

A. 1D flow states atB/B 4=2,4 and 9 In Figs. 5a,) we show the vortex flow state fdB/B,

Figure 3a) shows the flow states just above depinning for=3.0 We also observe this same type of flow pattern for
B/B,=2 where the motion consists of the straight 1D flow fields 2.75<B/B,<3.5. Here the interstitial vortices move
of interstitial vortices between the pinned vortices. This typein periodic meandering paths around the pinned vortices. In-
of flow was also seen in simulations at the same field forterestingly the direction of the vortex flow i®t in the di-
vortices with bulk interactions. In Fig.(B) for B/B,=4 a  rection of the driving force but at 45° in either transverse
similar 1D straight vortex flow is observed. Here the vorticesdirection. Since either direction is equivalent the flow jumps
at the pinning sites also remain pinned and there are addbetween the two states as seen in the measured tran$terse
tional interstitial vortices located between the pinning sites invelocities. In Fig. 6,V, shows a small amplitude periodic
the x direction that also remain pinned. The mobile intersti-component caused by the winding nature of the vortex flow,
tial vortices can move in a straight unhindered 1D path whilealong with low-frequency large amplitude jumps\gf from
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(a) 0 N N o NI s D o N4

. . . FIG. 5. (a) Vortex trajectories aB/B =3 showing the periodic

*\c:; el IR = R winding vortex motion at+45°. (b) The vortex trajectories for the

. )l ol same system and time interval as (@ after the vortex motion

W‘—o—\ A
AR AR switches to-45°.

® e o @ ® e o (@ ® e o @ . )
RN SN SR D. Disordered vortex flow states and noise

AR S ARSI In Figs. 7a,b,0 we show the vortex flow states at various

LTINS incommens_u_rate fields showing. varying degrees 'of disor-
R e A e A dered or mixing flow states. In Fig(l3) the vortex trajecto-
Do 2@ @ e® @ e® ries forB/B ,=4.95 are plotted showing that the general fea-
¢
()| aesssdhennid tures of the stable channel flow frof/B,=5 are still

present. There are, however, now some vortices that can be

FIG. 4. Vortex trajectories above depinning f@ B/B,=5.
Here the vortex flow occurs through the motion of the interstitial
vortices that show a sinusoidal motion. There are two rows of mov-
ing channels between every pinning rot) B/B,=8, here the
motion occurs again with two rows of interstitial vortices showing
sinusoidal motion between every pinning row. In addition at the 0.002 |
center of each pinning plaquette there is an immobile interstitial
vortex. (c) B/B,=8.5, here the vortex motion occurs through two
channels of mobile interstitial vortices between every pinning row.
The motion shows a pinch at every other pinning site. A@)mot
all the interstitial vortices are mobile, with a pinned interstitial vor-
tex located at the center of every other plaguette along with pairs ofg
immobile interstitial vortices located between every other pair of © -0.002
pinning sites.

verse Vortex Velocity V,

0 20000 40000 60000 80000
MD step

positive to negative indicating that the net vortex motion

direction is changing. For different system sizes the charac[-em in Fig. 5 where the driving is in the direction. The vortex

teristic of the flow paths remains the same. Experimentallyyqtion locks into the+ 45° direction for 150 000 MD steps before
this flow state can be observed with transverse noise me&yjtching to the other direction. The additional smaller scale peri-

surements. For stronger drives there is a transition to a morgdic component is due to the winding nature of the vortex flow in
disordered flow in the direction of the driving force. the channels as seen in Fig. 5.

FIG. 6. Transverse, or direction, vortex velocities for the sys-
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(b)

(©)

FIG. 7. Vortex trajectories fofa) B/B,=4.5 showing a disor-

dered flow where the trajectories change over time. Vortices do n
move through the regions near the occupied pinning sites due to t

PHYSICAL REVIEW B64 014501

fields where the initial pinned vortex lattice has an ordered
state. The flows then become increasingly disordered as the
fields move away from these matching configurations.

To further compare the experimentally measurable noise
signals of the ordered and disordered vortex states we plot in
Fig. 8 the time series and the corresponding Fourier trans-
forms (FT's) of the average vortex velocity, for a fixed
applied driving force. Each data set is analyzed for 30 000
MD steps. In the figures we only show a portion of the time
series for clarity. FoB/B ,=4 [Figs. 8a,b ], where the flow
was seen to occur in 1D channels as seen in Rig, 8nly a
single periodic component and higher harmonics can be
seen. FoB/B,=4.5[Figs. 8c,d)] where the flow was dis-
ordered as seen in Fig(&J, a more random noise signal is
observed and the FT shows a broad spectraBAt ,=5
[Figs. 8e,f)] where an ordered flow state was observed as
seen in Fig. &), a clear single frequency signal is again
observed. In Fig. 9 we show the time series and FT for
B/B4=3 where more complicated vortex trajectories were
observed as seen in Figga%). Here the signal shows sev-
eral different periodicities. In general we find periodic sig-
nals where orderly or partially ordered flows are observed,
and broad noise spectra where incommensurate or disorderly
flows occur.

E. Longitudinal and transverse noise

In Figs. 1da,b we show the time series for both the sum
of the velocities in thex direction andy direction simulta-
neously for(a) B/By=4 and (b) B/B,=5. For B/B,=4
longitudinal velocities show the periodic signal as shown
earlier while the transverse velocities are zero as the vortices
are moving strictly in thex direction in 1D channels as seen
in Fig. 3(b). For B/B,=5 both the longitudinal and trans-
verse velocities show a pronounced periodic signal as the
vortex trajectories show a sinusoidal flow as seen in Fig.
4(a). These results suggest that the features of the flow, such
4tS Whether it is winding in the transverse direction or strictly
hkD, can be probed experimentally with transverse noise mea-

vortex-vortex repulsion(b) B/B,=4.95, showing that the flow is Surements. The periodic time signals at the matching fields
more ordered with the same features of the periodic winding chanc@n also be probed with an applied AC drive superimposed
nels observed #/B,=5. If the trajectories are drawn for a longer 0n @ DC drive. Shapiro steps can be observed, as recently
time the plots become increasingly smeared and the plot will bedetermined in experiments and simulations BB ,=2.

come indistinguishable from that seen(a@. (c) The vortex trajec-
tories for the same time interval as {a) and (b) for B/B,=7
showing a disordered flow pattern.

seen to jump between adjacent channels. In F{g) or

Where the vortex flows are highly ordered one would then
expect Shapiro stegdwhile at the disordered flow states the
phase-locked steps would be absent or strongly reduced.

VI. DEPENDENCE OF DEPINNING FORCE ON FIELD

B/B,=4.5 the vortex trajectories are more disordered and no FOR RECTANGULAR PINNING ARRAYS
discernible preferred channels are visible. This same type of
flow is seen forB/B,=5.5. There are regions near the pin- _ -
ning sites where repulsion from the vortices located in the In Figs. 11a,b we show the dependence of the critical
pinning sites keeps other vortices from approaching close#epinning force orB/B,, for systems with similar parameters
than a certain distance. In Fig(cJ we show the vortex tra- as studied for the square array with= 2L, for driving in
jectories forB/B,=7 showing that the disordered flow is the x direction andy direction. Heref§ is much higher than
again similar to what was seen BtB,=4.5. We note that ff, for all B>B,,. ForB/B,<6 commensurability peaks are
this is the matching field at which a peak was absent in th@bserved for driving in both the andy directions; however,
depinning force. In general we observe that the nonmixinghe peaks in the& direction do not show the sharpness of the
flows occur only near certain integer or fractional matchingpeaks seen for thg direction. The peaks for both driving

A. Rectangular pinning array with L,/L,=2
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172 ‘ - 10° ‘ ‘ ‘ FIG. 8. Time series of the sum of longitudinal
0 500 1000 1500 1 10 100 1000 10000 . .
time steps f vortex velocities and Fourier transforms for the
' ' 10 S ‘ ‘ vortex flow. (a,b B/B,=4 where a periodic sig-
25 - 1w VY h Wfﬂ nal occurs due to the 1D flow of vorticgFig.
> w0 | N\/ P ] 3(b)] through the periodic potential created by the
215 ¢ ] pinned vortices(c,d) B/B,=4.5 where a broad
© (d) spectrum occurs due to the disordered flow as
195, 2000 , 2000 6000 0y 10 100 1000 10000 seen ip Eig. @). (ef) B/B,=5 V\(here again a
time steps , f periodic signal occurs as the vortices move in pe-
‘ ' 10 ‘ ‘ ‘ riodic winding channels as seen in Figg# The
29 o FT’s were taken on data sets of 30 000 MD steps.
> 107° | /
28 /
©) e ()
7y 500 1000 w0 0 1 10 100 1000 10000
time steps f

directions are much broader f8¢/B,>5. There are no clear tively, for driving along the long side ok direction. 1D
peaks aB/B,=7 or 9; however, there is some evidence for flows that are similar to those seen in the square arrays occur
a drop off in the depinning force right above these fields. for B/B,=2 and 6[Fig. 13a) and Fig. 18e)]. Disordered
flow phases occur foB/B,=3, 4 and 9[Fig. 13b), Fig.
B. Vortex configurations for L,/Ly=2 13(c) and Fig. 13f)] where only minimal anomalies were
In Figs. 12a—i) we show the vortex configurations for the S€€N in the depinning force. A disordered phase is glso ob-
various matching fields. The vortex configurationsB4B,, served forB/B,=7 (not shown where there was again no
=1 and 2 [Figs. 12a,b] are rectangular in order. For anomaly in the depinning _force. An ordered flow phas_e is
B/B,=3 [Fig. 120)] the vortex crystal has a diagonal order- observed forB/B,=8 that is described in the next section

ing. At B/B,=4 [Fig. 12d)] a square vortex lattice is stabi- where a peak in the depinning is observedBAB ;=5 [Fig.
lized. At B/B4=5 [Fig. 12¢)] the vortex lattice does not 13(d)], where a static ordered lattice was stabilized but an

form a simple rectangular lattice but an ordering is still @omaly in the depinning force was not observed, we find an
present as indicated by the unit cell. We note thaB#g,, interesting per|0_d|c_W|nd|r_19 flow o_f interstitial vortices. Also
=5 a peak or anomaly in the depinning force is not ob-Pairs of |mmoplle |n_ter§t|t|all vortices are located between
served. FoB/B,=6 and 8, ordered distorted hexagonal vor- *V€"Y other pair of pinning sites.

tex lattices are stabilized. A/B,=7 and 9 the vortex lat-

tice is disordered that again corresponds to there being né. Pinched sinusoidal flow forB/B ,>5 for driving along the
peaks in the critical depinning force. These results indicate short edge

that at the matching fields where an qrdered lattice with a e type of stable flow phase that appears for the rectan-
simple rectgngular or hexagonal ordering can occur, an eular arrays folB/B,,>4 at higher drives is ginched sinu-
hancement in the critical current can be observed. soidal flow phase such as seen in Fig.(4for B=8. We
follow the development of this phase in Fig. 14 f8/B,
=8 where the initial depinning occurs through the almost 1D
flow of interstitial vortices where two interstitial vortices re-
In Figs. 13a—f) we show the flow states at depinning in main pinned between the pinning sites as seen in Fig) 14
the rectangular arrays f@/B,=2, 3, 4,5, 6, and 9, respec- wherefy=0.1. There is additional slower periodic wander-

VIl. DYNAMICAL FLOW STATES FOR RECTANGULAR
PINNING ARRAYS

T T 10—1 T T T
(@) 0!

154 10 FIG. 9. Time series of the sum
" 10° L ] of the longitudinal vortex veloci-
= » ties and Fourier transform for the
152 | _ 10 L ] vortex flow at B/B,=3, where

the flow occurs in winding chan-
10° L 4 nels. Here several different peri-
odicities can be distinguished.
15 ' ' 107° ' : '
0 1000 2000 3000 1 10 100 1000 10000
MD steps f
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v, FIG. 10. The time series for the sum of the
0 longitudinal velocitiesV, and transverse veloci-
R ‘ @ ties V, for (a) B/B,=4 and(b) B/B,=5 for a
0 2000 fixed drive offy/f,=0.4. In(a) where the vortex
MD steps motion occurs by the 1D flow of interstitial vor-
15 w tices as seen in Fig.(B) the longitudinal veloci-
ties show a periodic component while the trans-
10 W/\A/\/\/\/\/\/\A/\/\M/\/\A/\/\ verse velocity is zero. Fofb) where the vortex
A motion was sinusoidal both theandy compo-
> el B/B,=5.0 | nents of the velocities show a periodic signal.
> Vy
N AAAAVAVVYAAVAVAAVAVAVAVAYAVA
(b)
-5 L
0 2000
MD steps
ing of the moving vortices in thg direction that broadens In the pinched sinusoidal flow the vortices show a stable

the channel. This periodic transverse wandering of the charchannel flow similar to the sinusoidal flows seen in the
nels can also be seen to push the immobile interstitial vortisquare arrays; however there is a pinched feature as the vor-
ces in the transverse direction. The trajectories from the lontices flow adjacent to the pinning sites. As the vortices move
gitudinally moving vortices are pinched where the movingthrough the pinched area only one vortex goes through the
vortices are directly adjacent to the pinning sites. In Fig.intersections at a time with a vortex from the upper and
14(b) with f4=0.2 we show that for increased driving forces lower part of the branches alternating. For the other match-
there is a transition to a disordered state as the immobileng fields for B/B,>4 the same type of flow patterns are
interstitial vortices begin to depin. Fdy=0.3 [Fig. 14(c)] observed. The same flow patterns are observed at fields not
the flow starts to reorganize to the pinched sinusoidal flowtoo far from commensuration with the mobile rows carrying
that becomes fully developed fdg=0.325 as seen in Fig. a varying number of vortices.

14(d). For increasing drives the flow in Fig. 14 can be seen
to undergo a dynamic phase transition. We note this transi-
tion can be seen in the vortex-velocity vs drive where there is
a sharp increase in the vortex velocity when the additional In Fig. 15a) we show an interesting type of dynamically
interstitial vortices began to take part in the pinched flow. induced rotational motion ordered flow phase that occurs at

B. Additional dynamical flow phases forB/B ,<4

10

(@

FIG. 11. Critical depinning forces versus
B/B,, for driving in thex andy directions for a
system with a rectangular pinning array with
L«/L,=2.(a) Dashed curve is the depinning line
for driving in thex direction and the solid curve
is the depinning line for driving in the direction.
For B/B,<4 there is a clear anisotropy in the

o , , , , ‘ , , depinning force. The driving along thedirection
R S o © gives a higher depinning force except BitB,,
10 b : =1, where the depinning forces both equigl
In (b) the same curve is plotted with thedirec-
tion driving curve(dashed line and open circjes
shifted up for clarity. The matching peaks for the
x direction driving are strongly reduced as com-
pared to the depinning curve for driving in tie
direction. Missing peaks for both curves occur at
B/B,=5,7,and 9.
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and nearB/B,=2.5 for driving along the long side of the C. Flow phases for driving along short edge

pinning lattice. The depinning is due to the 1D flow of a

portion of the interstitial vortices that move between every inning for driving alona the short side of th ¢ I
other pinning row. Another portion of interstitial vortices P g 1o g along the short side of the rectanguiar

cannot pass through the pinned vortices and show a remarRinning array forB/B,=2,3,4,7,8, and 9, respectively.
able paired collective rotational motion. The rotations occur! "€ motion atB=2B,, [Fig. 16a)] is 1D where a single
as a pair of interstitial vortices rotate in opposite directionschannel of interstitials is moving while fd8/B ;=8 [Fig.
as the 1D moving interstitial vortices pass. Additionally ev-16(€)] three rows of vortices are flowing and an immobile
ery other rotating pair is out of phase with the adjacent rointerstitial vortex is located between the pinning sites. An
tating pairs. The rotational motion occurs due to the fact thaglmost 1D flow is seen aB/B,=7 [Fig. 16d)] in which
the rotating interstitial vortices are located in a shallow po-three rows of interstitial vortices are moving. We note that
tential well created by the vortices located at the pinningfor B/B,=7 a peak or matching anomaly was not present.
sites. As the ordered 1D moving vortices move past theylhe vortex configurations fd8/B,=7 shows that along the
push the interstitial vortices that are not moving longitudi-immobile row of vortices there are 16 vortices with 8 located
nally. Although these pairs do not show a net motion inxhe in the pinning sites while the mobile rows each contain 13
direction they are still taking part in the dissipation and slowvortices so that the moving vortices are not commensurate
down the 1D moving vortices. Since these rotating vorticegvith the periodicity of the potential created by the immobile
can lead to dissipation, experimentally it may be possible toortices. For theB/B =8 matching field where a peak was
observe differences in the current-voltage curves as conseen, the vortex configurations again show 16 vortices along
pared to resistance measurements. For higher drives we olf*¢ immobile row but the moving rows each contain 16 vor-
serve a dynamic phase transition where the rotating intersttices that can be commensurate with the immobile vortices.
tials can be dislodged from their orbits and the flow becomedhe flow paths folB/B ,=3 [Fig. 16b)] andB/B ;=4 [Fig.
more disordered. 16(c)] each show two rows of moving interstitial vortices in
In Fig. 15b) we show the ordered flow phase that occursa sinusoidal flow with the flow aB/B,=4 showing a a
for B/B,=4.5 where the initial depinning occurs through the larger amplitude. FoB/B ,=9 [Fig. 16f)] where there was
sinusoidal flow of a portion of the interstitial vortices. Unlike an absence of the peak in the depinning force the flow is
the previous sinusoidal flows observed in this case the chammostly disordered with some remnant of the flow phase seen
nels weave across the pinning sites rather then strictly beat B/B,=8.
tween two rows of pinning sites. For higher drives the other In Figs. 17a,b we show the flow phase & B =5, and
immobile vortices depin and the flow enters a disordered, respectively, for driving along the short edge. The flow at
phase. B/B4=7 shows a remarkableraiding flow where the mov-

In Figs. 16a—f) we show the flow states just above de-
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FIG. 13. Vortex trajectories for driving in the direction for a

pinning array withL, /L,=2. (a) B/B,=2, (b) 3, (c) 4,(d) 5, (¢) 6,
and(f) 9.

O

ing interstitial vortices flow in a crossing pattern. A moving
vortex that starts in the region almost underneath the pinning
sites will move at an angle until it reaches the opposite side
of the channel two pinning sites up while other vortices cross
in the opposite direction. AB/B,=6 a similar flow to that
seen atB/B,=5 is observed; however, the motion is not
perfectly ordered.

.

VIll. CONCLUSION

®
®
®
®

We have analyzed numerically the vortex pinning and dy- (d)
namics in square and rectangular pinning arrays for thin-film ] ) o o
superconductors. We predict an anisotropic critical current F!G. 14. Vortex trajectories for driving in the direction in a
for the rectangular pinning arrays and calculate analyticallyféctangular pinning array with, /L, =2 atB/B,=8. (&) The flow
the ratio of the critical depinning forces for different aspectPaerns forfu/f,=0.2, where the flow is ordered and a portion of
ratios atB/B,=2. These results show that as the critical the interstitia| vortices are 'mm_Ob”Qb) At Ta/1p=0.3 the flow
current is enhanced in one direction, it is reduced in the Othetr)_ecomes dlsorde_redc) At fd/fp_.o'35 the “OV.V begins tp reorga-
direction. The maximum critical current can be achieved formze.' (d) At fq/fp70.37 the flow is ordered with all the interstitial

.. . . . . . . vortices moving.
driving in certain directions of the rectangular pinning array.

Numerical simulations also find that the anisotropy in theB/B,=7 in good agreement with recent experiments.

critical depinning force occurs fd/B <4 and is less pro- In the rectangular pinning arrays with an aspect ratio of
nounced for higher fields. In case of the square pinning ar2:1 we observe an anisotropic depinning threshold in which
rays we observe pronounced commensurability effects ahe easy-flow direction shows an overall lower depinning

most integer matching fields and a missing matching peak gbrce but sharper and more pronounced commensuration ef-
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FIG. 15. Vortex trajectories for driving in the direction in a ® ® ® ® ® ® ® ®
rectangular pinning array with, /L,=2 just above depinninda) ® ® ® ® ® ® ® ®
At B/B,=2.5 the vortex motion consists of the 1D flow of inter- ot farlo olileltiatiie
stitial vortices between every other pinning row and the rotational o) {erle) (e otitetitallie
motion of pairs of interstitial vorticegb) At B/B ,=4.5 the motion o e lar e siltottialtle
consists of winding channels that weave between the pinning sites. ® ® ® ® ® ® ® ®
fects while in the other direction the overall depinning force ROMONE N CLNERIe
at both the commensurate and noncommensurate fields is AN AR QHTOnoning
higher, but the matching effects are considerably reduced. ©)

We observe integer matching effects in both driving direc-

tions up toB/B,=5, after which only every other matching oo @
field shows an enhanced critical current. The vortex configu- oo n®
rations show that at the matching fields, where enhanced rhioro @
critical currents are observed, an ordered vortex arrangement o9 @
is formed while at the matching fields, where there is no Q119 91 1®
enhancement, the vortex arrangement is disordered. Qoo

For both the square and rectangular arrays we find that a O 1191119
remarkable variety of intricate dynamical flow phases can be Q10110 1@

o~ M
o
~—

realized and, in general, two classes of flow phases can be
observed: stable channel flow, where vortices flow in the ) ) L o
same paths in identifiable channels and vortices from one FIG. 16. Vortex trajectories for dr|v!ng in thy d|rec_t|or_1 n a
channel do not mix with vortices in another channel; and gectangular pinning array with, /L, =2, just above depinninda)
disordered or mixing flow, where vortices from different /By=2,(b) 3,(c) 4, (d) 7, (¢) 8, and(f) 9.

channels mix or no identifiable channels occur. The particu-

lar flow states we observe include a 1D flow of interstitial matching fields the braided flow is uniform with each chan-
vortices. For the square arraysBitB,=5, 6, 8, and 8.5 a nel carrying the same number of vortices while at incom-
sinusoidal flow occurs where a portion of the interstitial vor-mensurate fields the channels can carry different numbers of
tices are moving in winding paths while another portion ofvortices. The signature of the onset of this braided flow can
interstitial vortices remain pinned along with the vortices atbe seen in the current-voltage characteristics.

the pinning sites. For increasing drives the immobile inter- We point out that the work presented here has been for
stitial vortices can depin and the vortices can enter a moré =0. Finite temperature is likely to produce interesting re-
disordered flow phase. NeB/B,=3 a remarkable bistable sults. For temperatures below melting it is likely that most of
flow phase is observed where the vortex flow is not in the
direction of drive, but is alternating from the45° direction

to the —45° degree direction. This motion can also be seen
in the transverse vortex velocities. Away from commensura-
bility these ordered flow phases become increasingly disor-
dered. We also show that these phases can be probed experi-
mentally with noise spectra. In ordered phases the noise
spectra show distinctive narrow-band features, while the dis-
ordered flows show a broad spectra. In addition we show that
with transverse noise measurements the 1D and sinusoidal
flows can be distinguished where the sinusoidal flows will
show a narrow-band transverse signal.

In the rectangular arrays several of the phases observed in FIG. 17. Vortex trajectories for driving in thg direction in a
the square arrays are also observed. An ordered flow phasectangular pinning array with, /L,=2, just above depinninga)
that occurs for driving in the short direction for a wide rangeB/B,=5 shows an intricate braiding flow patterth) B/B,=6
of fields for high driving is a braided channel flow. At the shows a similar pattern as {@) but with some disorder.

® @
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the dynamic phases observed here will survive; howevery a liquid of interstitial vortices can give rise to short-range
broadening of the channels may occur and may be evident icorrelations in the liquid state that can be seen in the mag-
the noise signals as a broadening of the narrow-band peaksetization and may have consequences for the vortex dynam-
Once melting occurs the channel structure would break dowfts as well. These issues will be explored in a future work.
and the narrow-band noise would be lost. Further work on
the temperature effects would be of great interest for vortex
states in periodic pinning arrays since temperature may in-
duce subtle effects. For example, the melting temperatures of
the different species of vortices, such as moving interstitials, We thank C.J. Olson for critical reading of this manu-
pinned interstitials, and vortices at the pinning sites, may becript, and I.K. Schuller, J. Mart) L.E. DeLong, L. Van
different, thus changing the structure of the flow states. AdLook, V. Metlushko, V.V. Moshchalkov, A. Hoffman, F.
ditionally even at commensurate fields ®fB,>1.0 it may  Nori, and R.T. Scalettar for useful discussions. This work
be possible for the interstitial vortices to melt first that maywas supported by the Director, Office of Advanced Scientific
give rise to intricate behavior between the pinned and un€omputing Research, Division of Mathematical, Information
pinned vortices. Such a scenario is suggested by the receahd Computational Sciences of the U.S. Department of En-
work of Dasgupta and Feinbefgwho propose that an ef- ergy under Contract No. DE-AC03-76SF00098 as well as
fective interaction between vortices at pinning sites mediate€LC and CULAR(Los Alamos National Laboratoyy
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