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Dynamic vortex phases and pinning in superconductors with twin boundaries
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We investigate the pinning and driven dynamics of vortices interacting with twin boundaries using large
scale molecular-dynamics simulations on samples with near one million pinning sites. For low applied driving
forces, the vortex lattice orients itself parallel to the twin boundary and we observe the creation of a flux
gradient and vortex-free region near the edges of the twin boundary. For increasing drive, we find evidence for
several distinct dynamical flow phases which we characterize by the density of defects in the vortex lattice, the
microscopic vortex flow patterns, and orientation of the vortex lattice. We show that these different dynamical
phases can be directly related to microscopically measurable voltage-ddft@rurves and voltage noise. By
conducting a series of simulations for various twin boundary parameters we derive several vortex dynamic
phase diagrams.

[. INTRODUCTION trapped inside the twin. This produces a pileup effect leading
to a higher density of vortices on one side of the twin in
The understanding of vortex pinning and dynamics inagreement with observations by several groups including, for
high-T, superconductors is of great interest for applicationsexample, Vlasko-Vlasowt al,*® Welp et al,*? and Wijn-
of superconductors which require strong pinning of vorticesgaardenet al!* At lower angles between the Lorentz force
as well as the rich variety of behaviors that arise due to thend the twin, simulatiort$ show that the flux moves in chan-
competition of a static or driven elastic media with variousnels along the twin boundary while some guided motion of
forms of quenched disordérThe physics of a vortex lattice vortices along the edge of the twin still occurs. At the lowest
interacting with disorder is relevant for a wide variety of angles the flux flows most easily along the twin with a num-
condensed-matter systems including charge-density waveBer of vortices escaping from the twin and forming a flame
driven Wigner crystals, magnetic bubble arrays, colloidspattern flux profile in agreement with magneto-optical
Josephson-junction arrays, and superconducting wire neexperiments:*%1418
works, as well as microscopic models of friction. Recently interest in vortex systems has strongly focused
Twin boundaries are a very common defect found inon driven phases and dynamic phase transitions of vortices
YBa,Cu;0,_, (YBCO) and their pinning properties have interacting with random or periodic defects in superconduct-
been extensively studied using Bitter decorafiotorque  ors. The anisotropic pinning properties of twin boundaries as
magnetometry, magnetizatiod;’ transporf magneto- well as the possibility of tuning the strength of the twin
optical imaging)~'*and theoretical studi€s:*’Many of the  boundary pinning make these defects quite distinct from ran-
earlier experiments on twinned YBCO samples found condom pinning or periodic pinning arrays, so that different dy-
flicting evidence for the role of twin boundaries in vortex namical phases can be expected to appear.
pinning. In particular, the magneto-optical measurements by In systems containing random pinning, experiments
Duranet al® had shown that twin boundaries act as areas ofising transport measuremehis?! voltage noise measure-
reduced pinning that allow easy flux penetration, whereasnents?>?® vibrating reed measuremerifs, neutron
studies by Vlasko-Vlasoet all° found the twin boundaries scattering?® and Bitter-decoratio”® as well as simulational
to be barriers to flux motion. Further magneto-opticalwork,?"?® and work based on perturbation and/or elasticity
studiest’ =1 systematic computer simulatiohSand trans-  theory?® indicate that, at the depinning transition, the vortex
port measuremerthiave shown that these conflicting results lattice may disorder and undergdastic flowin which vor-
can be resolved when the direction of the Lorentz force withtices change nearest neighbors as mobile portions of the vor-
respect to the twin boundary is considered. The twin boundtex lattice tear past pinned portions. At higher drives the
ary (TB) acts as an easy-flow channel when the Lorentz forceortex lattice may reorder and exhibit elastic or ordered flow.
is parallel to the twin, but acts as a strong barrier for forcesAn intriguing question is whether specific types of plastic
perpendicular to the TB. flow exist, and how they could be distinguished. Simulations
A very systematic simulational study, using samples ofwith randomly placed pinning indicate the possible existence
the order of a million pinning sites, by Grotit al!’ of the  of at least two kinds of plastic flow. The first type consists of
angular dependence of the Lorentz force with respect to thevell-defined channels of mobile vortices flowing through the
twin boundary showed that, when the angle between the Lorest of the pinned vortex lattic8-33 A second type consists
entz force and the twin is large, a portion of the vortices gebf intermittent or avalanching motion in which only a few
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vortices are mobile at any given time, but over time all theces decreases exponentially at distances greaterthand
vortices take part in the motion so that well-defined channelsve cut off this force for distances greater than. &\ cutoff
are not observedf. 3 is also placed on the force for distances less than @al

Recent simulations using the time-dependent Ginzburgavoid the logarithmic divergence of forces. These cutoffs
Landau equations af=0 of vortices interacting with twin have been found to produce negligible effects for the range
boundaries have suggested the possibility of the existence of parameters we investigate here. For convenience, through-
three distinct flow phases which include two plastic flow out this work all lengths are measured in units\pforces in
phases and an elastic flow pha&@ue to the nature of these units of f,, and fields in units ofb,/\2.
simulations it was only possible to consider three different To model pinning in the bulk, we divide our system into a
driving currents for each pinning parameter; so tN4t) 1000x 1000 grid where each grid element represents a pin-
curves, voltage noise signals, and the evolution of the vortexing site. The pinning density,, is 496A2, which is within
order as a continuous function of increasing driving forceexperimentally determined values. At each pinning site
could not be extracted, nor could the evolution of the flow(l,m) the pinning forceflfﬂ]r is chosen from a uniform dis-
phases with the system parameters be determined. tribution [0,f,], wheref, is the maximum possible pinning

In order to examine the microscopic dynamics of vorticesforce. If the magnitude of the force produced by the other
interacting with twin boundaries we have performed largeyortices, driving force and twin boundaries acting on a vor-
scale molecular-dynamics simulations for a wide variety oftex located on a pinning sitd,m) is less than the threshold
twin parameters which allow us to carefully compare thepinning forcef,!", the vortex remains pinned at the pinning

different kinds of plastic flow as a driving force is continu- gjte |f the forcgnon the vortex is greater th&fﬂ{ then the

OUS|Y incrgased._ Our results in Fhis work qgmplement OUlsffective pinning forcef/® drops to zero and the vortex
prew_c()jus sdlmullantck)}nal work fon tW|n| boudnq::}rl s&(;/htere W€ " moves continuously until it encounters a pinning site that has
consiaered only tne case ot very siow driving that 0CCUrS a3, v, asho|q force greater than the net force on the vortex. The

am da}gnfgc_ field is ;_ncreaszd. InfRef. 1; Wetr(]:on5|deret(_1 ﬂf'i'x' inning therefore acts as a stick-slip friction force with the
gradient-driven vortices and we focused on the magnetic-flu ollowing properties:

front profiles and compared them to magneto-optical images.
In this paper we focus on the microscopic aspects of current-

. . . . fvP— _gnet  gnet_cthr (3)
driven, as opposed to flux-gradient-driven, vortex motion i i I,m
and structure as well as on transport measures. and
II. SIMULATION
fyP=0, fe>fih. (4)

We consider an infinite two-dimension@D) slice in the
x-y plane of an infinitely long(in the z direction parallel- For the twin boundary pinning, we have considered a
epiped. We use periodic boundary conditions in #§  |arge number of models, all giving similar results. The sim-
plane and simulate stiff vortices that are perpendicular to thglest model that is most consistent with experiments is that
sample(i.e., H=HZ). These rigid flux lines can also be of an attractive well containing stick-slip pinning with a dif-
thought of as representing the “center of mass” positions offerent maximum threshold forcégB than that of the bulk
real, somewhat flexible vortices, and the pinning in the bulkpinning outside the TBf,. This model of pinning is very
as representing the average of the pinning along the length aimilar to the one inferred from the measurements in Ref. 5
the real vortex. For flexible vortices, the bulk pinning can bewhere the TB channel has strong depth variations. The ratio
on the same order as the twin boundary pinning even fong/fp is expected to vary as a function of temperature. In
large samples. We numerically integrate the overdampeghe case predicted for oW (Ref. 1) Wheref;B/fp<1' the
equations of motion twin boundary acts as an easy-flow channel for certain
anglest’ On the other hand, at highdr, f}%/f,>1, and the
twin acts as a barrier to the flux flow. This second case is the
most similar to the simulations conducted in Ref. 18 where
the twin boundary was modeled as a line of parabolic pin-
ning. In our simulations we can mimic the effects of tem-
perature by varying the ratio df ®/f,,.

The twin boundary itself is modeled as an attractive para-
bolic channel with a width denoted by£28. The force on
theith vortex due to théth twin boundary is

& ri—=ril|. VIB_ ¢TB dic| (€ di
fYV:jZ1f0K1( X )rij_ 2 f =t ﬁ(@T

fiZf}/v‘l‘f?lp‘f’f;lTB‘f'fd:??Vi. (1)

Here,f; is the total force on vortek f}" is the force on the
ith vortex from the other vortice$,’® is the force from the
vortex pin interactionf ' 2 is the force from the vortex-twin
interaction, andy is the driving forcey; is the net velocity
of vortexi and 7 is the viscosity, which is set equal to unity
in this work. The interaction between vorteand other vor-
tices is given by

Fiks (5

Here,r; is the location of vortex andr; is the location of wheredﬂ(B is the perpendicular distance betweenithevor-
vortex j, fo=®§/8m\°, dy=hc/2e is the elementary flux tey and thekth twin boundary.

quantum,\ is the penetration deptt, is the number of The driving force representing the Lorentz force from an
vortices, and ;= (r;—r;)/|r;—r;|. The force between vorti- applied current is modeled as a uniform force on all the
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vortices. The driving force is applied in thixadirection and is
slowly increased linearly with time. We examine the average .
force in thex direction

<

v—1 S X 6
XiNivilVi'X7 ()

as well as the average force in thelirection

<

1 N
Vy:N—V 2 VY. (7)

These quantities are related to macroscopically measure( = ».:+:
voltage-curreni/(l) curves.
We also measure the density of sixfold coordinated vorti- | '
cesPg. Strong plastic flow causes an increase in the number *
of defects and a corresponding dropHg, while elastic flow :
is associated with few or no defects. Another measure of
order in the lattice is the average height of the first-order|
peaks in the structure fact&(k) :

1 1 .7r.
S(k)= o E, glkri=ry), (8)

The defect density can also be correlated with the voltage -
noise power spectr&(v) e

S(v)= f V, (t)e?™"dt. 9)

A vortex lattice that is flowing plastically should produce a
large amount of voltage noise. To measure the quantity off -
noise produced, we integrated the noise power over one fre
quency octavé®?

®

FIG. 1. The vortex positiongleft column and flow patterns
11l. DYNAMIC PHASES (right column for three different applied drives. Pané# and(b),

. with f4/f;=0.05, show guided plastic motion. Panét$ and (d),
In order to directly observe the nature of the vortex flow ;i f4/f,=0.35, show a slightly more disordered motion, exhib-

?n the_ presence of t\_/vin bou_ndaries, we ha\_/e imaged the tragng some plasticity, tearing, and healing. Specifically, the vortex
jectories of the moving vortices as the driving current alongattice is slightly torn apart by the twin boundary, but it heals right

the x axis is increased. We find three types of vortex flow, after crossing it. Panek®) and (f), with f4/f,=1.25, show elastic
which are shown in Fig. 1. There, and for three differentflow.

applied driving forces, we show the vortex positiqua®ts
and the trajectorieiines that the vortices follow when in- observed in flux-gradient-driven simulations and magneto-
teracting with a twin boundarydotted ling that acts as a g 9

L : ; : optical experiments.
strong pinning barrier for motion across the twin. Hée _ . - .
~0.0%,, f;B: 1.0fy, f™B=0.15,, with the twin boundary At higher drives, as shown in Fig(d, and 1d) with f

having a width of 0.5. In Fig. 1(a for the lowest drive, :0.35fo_, there is a transition to a more disordered flow and
f,=0.05, the vortex lattice is predominantly triangular, the vortices start_ ta:ross_the twin _boundary. The_overall
and aligned with the twin plane. The vortices that have VOrtex structurgFig. 1(c)] is more disordered than it was at
struck the twin boundary are pinned, while the remaininglower drives[Fig. 1(a)]. Unlike the guided plastic motion
vortices flow in an orderly fashion at a 45° angle from the Phase, the vortices pinned along the twin boundary are only
axis, as seen in Fig.(h). The moving vortices do natross ~ temporarily trapped, and occasionally escape from the twin
the twin boundary but are instegdidedso that the vortices and are replaced by new vortices intermittently. The vortex
do not move parallel to the direction of the applied driving trajectories shown in Fig.(dl) also indicate that some vortex
force. We term this phasguided plastic motion(GPM),  guiding still occurs. We label this phase thkstic motion
since vortex neighbors slip past each other near the twifPM) phase. At even higher driving currents we observe a
boundary. The vortices trapped in the twin boundary remairiransition from the plastic flow phase to @astic motion
permanently pinned in this phase. We also observe a buildufEM) phase, where the effect of the twin boundary becomes
or a higher density of flux lines along one side of the twinminimal, as shown in Fig. (&), and 1f) for fy=1.25f.
boundary. This type of density profile has been previouslyHere, the vortex lattice reordefBig. 1(e)], the vortices flow
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FIG. 2. (&) The longitudinalV, and transverse
V, average velocity versus driving force for a
system in which the twin boundary is represented
by a rough channel with strong pinning. Here the
twin has a maximum pinning of 1fg and the
point pinning has a maximum of 0.6 The in-
set shows how, linearly increases witt 4 for
the same system showtb) The average sixfold
coordination numbePg. (c) The average magni-
tude (S(k)) of the first-order peaks of the struc-
ture factor. In the disordered plastic motion re-
gime the low values of botRg and(S(k)) reflect
the large degree of disorder. The transition to the
elastic flow regime is marked by the large in-
crease in order indicated bys and (S(k)), as
well as by the loss of guided motion which oc-
curs whenV,~0.

<S(k)>/N,
o
(4,1

0 0.2 0.4 0.6 0.8 1

1,
along the direction of the applied Lorentz for¢€ig. 4(f)],  Indeed, in simulations with random pinniAY>: large noise
and no buildup of the flux near the twin appears. power is associated with the highly plastic motion of a dis-

ordered vortex lattice. Furthermore, large noise is considered
a signature for plastic flow in the peak effect regime. In order
to compare the different plastic flow phases seen here with
those observed for random pinning, we measure the noise
In order to quantify the phases illustrated in Fig. 1, wepower for each phase and plot the results in Fig. 3 along with
analyze the transverdg, and longitudinaV, average vortex the correspondiny, versusf curve.
velocities, as well as the sixfold coordination numBgrand The noise power is relatively low in the GPM phase, in-
the average value of the first-order peaks in the structurereases to a large value in the PM phase, and then gradually
factor, (S(k)), as a function of applied drive. As shown in decreases as the EM phase is approached. In the GPM re-
Fig. 2, for drives less then the bulk pinnindg<f, gime, although tearing of the vortex lattice occurs at the
=0.02,, the vortex lattice is pinned and,=V,=0. For boundaries between the pinned and flowing vortices, the vor-
low drives, 0.02,<fy<0.17,, the vortex velocities in- tex trajectories follow fixed channels and a large portion of
crease linearly with driving force, and,~V, indicating that the _vortex lattice r_emains_ordered. This very orderly vortex
the vortices are following the twin boundary by moving at amotion produces little noise. In the PM phase, the vortex
45° angle, as was shown in Figlbl. The fraction of sixfold lattice is highly disordered and the trajectories follow con-
coordinated vorticesPg=0.8, remains roughly constant tinuously changing paths so the corresponding voltage noise
throughout the guided plastic motion phase. Abdyéf,
=0.225, two trends are observed. First, thegitudinal ve-
locity V, continues to increase. This trend can be better seetr
in the inset of Fig. 2a), which has a larger range of values
for the vertical axis in order to monitor the linear growth =~

IV. CURRENT-VOLTAGE CHARACTERISTICS
AND VORTEX STRUCTURE

01| (a)

over a wider range of velocities. Second, thensverseve- 005 1 /

locity V, flattens and then begins to decrease, indicating thar

the vortices have begun to move across the twin boundary. o : —
The vortex lattice becomes slightly more disordered in 006 |

this plastic flow phase as indicated by the drofPinand the

smaller drop in(S(k)). As f is increased furthely, gradu- 008
ally decreases, but remains finite as vortices cross the twin a5
an increasing rate. Whew, approaches zero, nedy/f,
=0.85, the vortex latticeeorders as indicated by the in-
crease inPg and(S(k)). We note that the reordering transi-
tion in Pg is considerably sharper than that typically ob-
served in simulations with random pinning.

0.02 -

V. NOISE MEASUREMENTS FIG. 3. The average noise pow8§ versus driving forcd 4 for
the same system in Fig. 2. In the guided pladitiev f,4) and elastic
An indirect experimental probe of the plastic vortex mo- (high f,) flow regimes the noise power is low. However, in the
tion is the voltage noise produced by the flowing flux. Dur-intermediate-drive disordered plastic flow regime the noise power is
ing plastic flow the voltage noise is expected to be maximalhigh, and gradually decreasesfasis increased.
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FIG. 4. (a) Transverse and longitudinal velocities versus driving Driving Force 1,1,

force for varying twin boundary strengths: from top to bottom

f,/f,=0.25, 0.5, 0.75, 1, and 1.25. The top curve corresponds to FIG. 5. (a) The dynamic phase diagram for the system in Fig. 4.

the case,/f,=1.25. The second curve from the top corresponds toFor increasing , the PM-EM transition line increases as$, while

the same sample used in Figs. 1 andi®.The fraction of sixfold the GPM to PM transition increases much more slowl). The

coordinated vorticesPg versus driving. For increasing pinning dynamic phase diagram for constdﬁ? but decreasing vortex den-

strength the width of both the guided and plastic flow phases insity. The PM-EM transition line remains roughly constant while the

creases. GPM-PM transition line shifts to highdt, as the effective vortex-
vortex interaction decreases.

power is high. This difference in noise power between the

static and changing channels for vortex flow agrees well witlinteractions are important, however, in actuality the vortex

results obtained in systems with strong random pinning. Irdensity increases on one side of the twin while a lower vor-

such systems, when the vortex flow follows fixed windingtex density appears on the other side. This localized flux

channels that do not change with time, low noise power igyradient produces an additional force on the vortices at the

observed above the depinning thresiSi& Similarly, when  twin boundary, depinning them at a driving forég<f®.

the pinning is weak and the vortices move in straight fixedThe additional force from the flux gradient is not spatially

lines, low voltage noise is observ&d® This latter case uniform, unlike the driving force, so some of the vortices

agrees well with the result seen here in the GPM and EMyill depin before others in a random manner. Once the ap-

phases, when the vortices follow straight paths and producglied driving force and the gradient force are large enough to

little noise power. start depinning vortices from the twin, the flux lines enter the
plastic flow phase. The effect of the pinning on the vortices
VI. DYNAMIC PHASE DIAGRAMS does not fully disappear untly>f ®, however, which is

To generalize our results to other parameters, we corSeen in the existence of a finXg . We also note that there is
[ ' s fi A pi ' wh
struct a phase diagram of the dynamic phases. We first mea- pinned phasewhere no vortex motion occurs whefy

sure the evolution o¥,, V,, andPg as a function of driving

- cTB

force for varyingf,,~ from 1.25, to O.Zé‘é)._These are SeeN focts of changing the effective vortex-vortex interaction. In

in Fig. 4. When the pinning strengtf,™ inside the twin  gig 5p) we plot the phase diagram constructed from a series
increases, the width of the PM region grows, and the amoun{t sjmylations in which the vortex density is varied. As the

of disorder in the vortex lattice increases, as seen in thgq ey density decreases the GPM-PM and the PM-EM tran-
decrease oPg. From the curves shown in Fig. 4, we con- gition lines shift to higher drives. This is because lower val-

struct adynamic phase diagramhich is plotted in Fig ). 65 ofB (or N,) increase the effective pinning force and shift
We determine the transition between the guided plastic ang,qo boundary to higher values 6f.

plastic flow phase from the onset of disorderRg and the
downturn inVy, whereas the plastic motion to elastic motion
transition line is marked at the point whePy begins to VIl. CONCLUSION

plateau. The driving forcé; at which both the GPM-PM and  \ye have examined the dynamics of driven superconduct-
PM-EM transitions occur each grow linearly with. In par-  ing vortices interacting with twin boundary pinning. We find
ticular, the PM-EM transition roughly follow$y=fg®, in-  three distinct flow phases as a function of driving force. In
dicating that the vortex lattice reorders once the pinninghe guided plastic motion phase, the partially ordered vortex
forces are overcome. lattice flows in stationary channels aligned with the twin
It might be expected that the transition out of the guidedpoundary. In this phase the transverse and longitudinal ve-
plastic motion phase would fall 4,=f %, when the vorti- locities are equal and there is only a small amount of noise in
ces are able to depin from the twin boundary. Since vortexhe velocity signals. At higher drives, a flux gradient builds

p-
By changing the vortex density we can examine the ef-
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up along the twin and the vortices begin to cross the twiming. Another type involves periodic arrays of pinning
boundary intermittently. In this phase the vortex lattice issites® The dynamic phase diagrams of these structures with
disordered and a large amount of voltage noise appears. Ti@Irelated pinning are also under current intense investiga-

guiding effect of the twin gradually decreases for increasindion- . .
drives and the vortex lattice reorders, producing an elastic W€ recently became aware of the experiments in Ref. 35

flow phase. By conducting a series of simulations we havd/Nich measure both the longitudinal and transverse voltage
- Signal for vortices driven in samples with unidirectional twin

constructed' phase diagrams both as a .functlon of WITK sundaries. When the vortices are driven at 52° with respect
boundary pinning strength and as a function of the vortex, e twin boundaries, at low temperatures the vortex mo-
density. The phase boundaries all shift linearly in drivingjon deviates strongly from the direction of drive with a com-
force as the pinning strength increases. As the vortex densifyonent moving along the twin boundary. Using this experi-
is lowered the width of the guided motion region increasesmental setup it should be possible to observe both the

while the onset of the elastic motion phase is constant.

transverse and longitudinal vortex velocity as a function of

Twin boundaries correspond to one type of correlated pinapplied current.
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