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Vortex Plastic Motion in Twinned Superconductors
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We present simulations, without electrodynamical assumptionsp(afy, H(¢)), M(H(¢)), and
J.(H(r)) in hard superconductors for a variety of twin-boundary pinning potential parameters, and
for a range of values of the density and strength of the pinning sites. We numerically solve the
overdamped equations of motion of up to*Iflux-gradient-driven vortices which can be temporarily
trapped at~10° pinning centers. These simulations relate macroscopic measurementsV{é.,
“flame” shapedB(x,y) profiles] with the underlying microscopic pinning landscape and the plastic
dynamics of individual vortices. [S0031-9007(96)01363-4]

PACS numbers: 74.60.Ge

One of the major unsolved problems in high-super-  gradient-drivenflux lines travel through the sample in the
conductivity is flux pinning [1]. Not only is flux pinning presence oboth correlated (TB) and uncorrelated (point
of intrinsic interest, understanding it is necessary in ordedefect) pinning. From the microscopic dynamics of in-
to develop technological applications. Since vortices arelividual vortices, we compute several macroscopic mea-
pinned by interacting with defects, a great deal of worksurable quantities [e.gB(x,y, H(z)), M(H()), J.(H(1))]
has focused on naturally occurring defects in highsu-  and relate them with pinning parameters: the arglee-
perconductors [1-3]. In particular, it has been found thatween the TB and the sample edge, and the ratio of pinning
twin boundaries (TB’s) [2—16] form easily in the high-  strengths inside and outside the TB, which is expected to
compound YBaCwO,-, (YBCO). Thus TB’s have been vary with temperaturd [2].
intensively studied by numerous experimental techniques, Our simulation geometry is that of an infinite slab of su-
including Bitter decoration [5], torque magnetometry perconductor in a magnetic field applied parallel to both
[6], magnetization [7—9], and magneto-optical imagingthe slab surface and the TB’s. Thus, demagnetization ef-
[10-14]. In spite of this intense and multipronged ef-fects are unimportant. We also treat the vortices as stiff, so
fort, there is still controversy concerning the effect ofthat we need to model only a two-dimensional (2D) slice
TB's (see, e.g., the conflicting statements of [7,15]). In(x-y plane) of the 3D slab. One can think of our rigid
particular, the magneto-optical measurements by Datan flux lines as representing the “center of mass” positions
al. [10] and Vlasko-Vlasowt al. [11] seem contradictory: of real, somewhat flexible vortices, and our pinning in the
Ref. [10] finds that TB’s act agasy-flowchannels for bulk as representing the average of the pinning along the
longitudinal vortex motion, while [11] finds them to be length of the real vortex. For a flexible vortex, the bulk
barriers. Moreover, resistivity measurements by Kwok pinning can be comparable to the pinning in the TB even
et al. [16] suggest that pinning is enhanced within the TB.for a large sample. Vortices enter the sample at points
Recent results [12—14] confirm that the effect of TB’swhere the local energy—as determined by the local pin-
on vortex motion has a nontrivial dependence on severaling and vortex interaction—is low. We correctly model
variables. First, there is an angular dependence, i.e., the vortex-vortex force interaction by using the modified
twin may act either as an easy flow channel or a barrieBessel functiork;(r/A), with cutoffs at 0.2 and 6\ (A is
depending on the angle between the flux front and thé¢he penetration depth). Thus, the force (per unit length)
TB. Second, experiments [6,7,14] indicate that the effecon vortexi due to other vortices (ignoring cutoffs) is
tive pinning of TB’s is temperature dependent. A com-f¥” :Z?’;l.fol(lqri —r;|/A)#;;. Here, ther; are the po-
plete picture is still lacking due to the limitations of the sitions of theN, vortices within a radius &, £;; = (r; —
techniques use_d so far (e.g., magneto-optics imaging onl,y].)/|rl. —rjl, and fo= ®2/872A3 [1]. Forces are mea-
probes the regime of low fields, while resistivity exploressyred in units off,, lengths in units of\, and fields in units
only the high temperature regime). of ®,/A2. Notice that our simulation correctly models the

An alternative technique for investigating the micro- griving force as a result dbcal interactions; no externally
scopic behavior of flux in a hard superconductor is toimposed “uniform” current is applied to the vortices. Fur-
use computer simulations (see, e.g., [17-19], and refekher details of the simulation are presented in [19].
ences therein). Here, we present simulations obgaio- Uncorrelated pinning—The most important imperfec-
temporaIEVOIUtion of rlgld ﬂUX-gradient-driven flux lines tions in YBCO Single Crystals are random microscopic
in a twinned Superconductor such as YBCO. We ﬁrstdefects such as oxygen vacancies in the Qp@nes_ In
describe a model for vortex-vortex, vortex-pin, and vorteX-order to model such a large number of defects, we di-

twin interactions. We then inveStigate how thehex- vide our system into a very fine (eg()()() X 1()()()) grid,
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where each grid site represents a pinning site. The density Many parameters can be varied, making the systematic
of pinning sitesy,, is between 50/ and496/A” for all  study of this problem quite complex. Here we chose to
the runs presented here. These densities are within expearary only the two most critical variables, the angle between
imentally determined values [5]. The maximum pinningthe TB and the flux flow, as stressed in [12-14], and
forcef}f,l,ﬁ on each grid sitel(m) is randomly chosen with the ratiof,TB/fp. We find the critical currend, for an

a uniform probability distribution, fron{0, f,], where  untwinned sample witlf, = 0.2f, and A = 1400 A, to be

fp is the maximum possible pinning threshold force (or1.26 X 10® A/cm?, which is reasonable for YBCO at low
strength). If the site is in a TB, then the maximum pos-T. Thus we varied’, betweerD.15f, and0.4f,. A more
sible pinning threshold force iﬁgB. When the net force detailed investigation with different TB widths, TB depths,
acting on a vortex located on grid sitel{m) is less than intrinsic pinning strengths, and different TB potentials will
the threshold forcg’,‘f};, then the vortex remains pinned in be presented elsewhere. For the runs presented here, we
that grid site. However, if the force acting on that vortexfixed the depth of the TB channel by setting the maximum
becomes larger than the threshold foyg¥, then the ef- TB force f7% t0 0.6,, and the width of the channek”?
fective pinning force drops to zero and the vortex movego be approximately OX.

continuously until it encounters a pinning site that has a Sample—We begin by studying in detail how vortices
threshold force greater than the net force acting on thentering a sample interact with a single TB. The actual
vortex. Thus the pinning force on each grid site acts likesample region is heavily pinned, and covers the region with
a stick-slip friction forcef;” = —f!'@ (s — f1),  (xy) coordinates) =x =661 and 0=y =55) (Fig. 1).
where £ is the net force on the vortex (due to other The number of pinning grid sites in the sample%ig(
vortices and possibly a TB) an@ is the Heaviside step 10°=833,333. The linear size of each pinning grid site
function. In other wordsf;” = — £ if /7 < i and is d, =66A/1000=0.066A, and the pinning density is
£ = 0if /1 = f. n, =1/d} =230/A* which, for a computer simulation, is

Twin boundary pinning—We have tested a very large extremely large. Figure 4 shows results for other samples.
variety of models for TB's, and compared simulation Flux density profiles and current flow-Figure 1
results to experiment. For the sake of concreteness, wa&hows the computed flux distribution fof, =0.15f
focus here on the model which was most consistent withvith ng/fp =3/4 (a,b,c) andng/fp =1/4 (d). The
experimental data; the results of the other models will bélB is at an angled = 60° measured from the horizontal
discussed elsewhere. In this model, a TB consists of amample edge located at the bottom, where flux enters
attractive well containing pinning sites that have a differentnote the similarity to the experimental situation in [11]).
maximum threshold force (or strengtﬁIB than that for
sites outside the TBf,. The ratiof,®/f, is expectedto
vary as a function of temperatufebecause of the reduced (a) (©)
dimensionality of the thermal fluctuations for vortices in RO Lo
a TB [2]. The ratio is small (i.e., pinning in the twin is _
weak) for lowT, and it is larger at higheT (see, e.g., s}
p. 1321 of [2]). By varying this ratio, we can mimic some
of the effects due to temperature.

For all the results presented here, we model the attractiv
TB well as a parabolic channel with a wid##™. The 22
attractive force on théh vortex due to the well of thkth
twin is thusf}™ = fT8(d;> /€T O (€™ — dji’)/ M), e _
whered;; is the perpendicular distance between ite 25l B M e
vortex and thekth TB, and f® is the maximum force m7:0j\\A/K &%
that the well of the twin exerts on a vortex (i.e., the force s (b) I L
needed to escape the TB). The pinning inside the twir
channel is modeled identically to the pinning in the rest
of the sample, except that it has a different maximurrf()'G-viléW (g% ilaezhicgndl\J/\;Lne%ethﬁui?iﬂﬁle;ar{]npd-ilégtgga;e 31;:29
strength_,f;B m_stead Of.fl’.' This microscopic model mgve. (b)B(x) alor?g a 1.0 wide horizontal cut throug};] the
of TB pinning is very _S'm'lar to th(_e one inferred from sample centered on the horizontal lige= 36 indicated in
recent measurements in [7], where it is found that the TBa). we calculateB(x, y) at each point due to all the vortices
“channel” has strong “depth” variations. and then findB(x) by averaging over a strip, i.eB(x,y =

Dynamics—The overall equation for the overdamped y;) = (Ay)™! fﬁg”y dyB(x,y). This B(x) clearly shows the
motion of a vortex moving with a velocity and subjectto “shadowing” and “pileup” effects discussed in [11]. (c,d)

vortex-vortex and vortex-pinning forces (due to intrinsic Current flow (contours of constant B) around the TB in (a)
pinning fyp and TB pinning f” Blis f. =Y + 7 + for several pinning strengths. In @55/ f = 3/4, as in (a),
vTB ! o L ouTBy ! thr more effective source of pinning, and the TB is a barrier to

£ " =mnv;, where ;=" +1"") [1=0O(fi,— longitudinal vortex motion. In @d)fr®/f, = 1/4 and the TB
YT — ¢¥vy], and we takep = 1. is an easy-flow vortex channel.
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Figure 1(a) shows the positions of the vortices after the Figure 3 summarizes results obtained from many runs.
external field has been ramped up from zero. Two im+Figure 3(a) presents the “vortex plastic motion” phase di-
portant features stand out. First, we see that the vorticemgram, showing the region where the TB is an easy-flow
“pile up” on the side of the twin where the flux enters. channel (barrier) for longitudinal vortex motion, indicated
Second, on the other side of the TB we see the “shadowby open circles (solid squares). The boundary, indicated
effect; the density of vortices is lowered. These featureby grey diamonds, corresponds to slow vortex motion.
of the vortex plastic flow are more explicit in (b), which This phase diagram quantitatively summarizes ioand
shows the inductiorB along the horizontal line in (a). f;,fB/f,, affect the vortex motion. As pinning in the twin
When the external field is ramped down to zero, we alsancreases, we expect the flux-front velocity to decrease.
observe some shadowing and pileup effects, but they arEhis observation is quantified in Fig. 3(b). Theré?(v)
weaker since the number of vortices in the sample is novis the velocity of the flux front inside (outside) the TB,
smaller. Both of these effects for the ramp up and dowmeasured along the direction perpendicular to the sample
cases are clearly observed in the experiments of [11kdge. Figure 3(b) shows'® /v decreasing monotonically
Since we know the exact position of the vortices, we carfor increasingf;fB/f,,. Monitoring the dynamics of in-
calculate theB field due to the vortices, and hence thedividual vortices, we observe that the longitudinal vortex
current flow J(x,y, H(z)) (contours of constanB) near transport in the TB iplastic (many vortices “tear away”
the TB. Figure 1(c) shows the current flow for the TB from the flux lattice whens™ /v # 1) and proceeds via
in (a), while (d), corresponding to lower, presents a two mechanisms: (i) the actual motion of vortices along
“flame”-shaped current flow similar to the ones observedhe TB, and (ii) vortices from the bulk (and close to the
in several experiments [10—14]. TB vortex front) falling into the TB. Finally, our phase

In Fig. 2 we show the positions of the vortices afterdiagram [Fig. 3(a)] suggests that the contradictory experi-
the field has been ramped up from zero for several casemental results in [10,11] can be understood as arising from
In the top panels, the ratiﬁ;fB/fp is held fixed, and the probing different parameter regimes.
angled is varied; we see that thee = 20° TB is a barrier References [13,14] made the interesting observation
to flux flow, while the other angles are easy-flow channelsthat flux enters the sample in a “flame” pattern around the
Our model, like experiments (e.g., [13,14]), exhibits TBTB. Reference [14] suggests, using current-conservation
vortex flow which has an angular dependence. In therguments, that this happens whenever the twin acts as
lower panels of Fig. 2 the rati(f;fB/fp is increased. easy-flow channel. We also observe flame patterns [see
We still observe an angular dependence, but the angle &ig. 4(a)] whenever the twin is an easy-flow channel. The
which a twin becomes an easy-flow channel has increaseflame is caused by vorticesscapingfrom the TB, not
As the ratiof,TB/f,, increases, the angle between the gliding along it.
TB and the direction of vortex flow must decrease if the Magnetization—One clear advantage of our simula-
twin is to be an easy-flow channel. tion is that we can obtain direspatiotemporainforma-
tion on the distribution of individual flux linemsidethe
sample. This is quite difficult to obtain experimentally,
especially for bulk samples. What is typically measured
0=20, §7,=1/4 || 6=45 £7,=1/4 || 0=85 £7=1/4 in experiments is the average magnetizatirover the

: sample volume. In our simulation, we thus calculste=

(47V)~! [(H — B)dV. InFig. 4(b) we show partial mag-
netization loops for a sample where the TB’s are perpen-
dicular to the flux flow (d), one where they are parallel
to the flux flow (e), and a sample without any twins at

0=20, f/f,=1/2 || 0=45 £7f,=1/2 || 0=85, £7f,=1/2
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FIG. 2. Top view of the region where flux lines, indicated PP

by dots, move in the ramp-up phase. We have vamed F|G. 3. (a) Phase diagraifii®/f, versusg showing the re-
and f,°/f,, and here we present some of our results forgion where the TB is an easy-flow channel (barrier) for longi-
0 = 20° (left), 45° (center), 88 (right), and f;B/fp =1/4 tudinal vortex motion, indicated by open circles (solid squares).
(top), 1/2 (bottom). For the top panels the TB acts as an easyThe boundary, indicated by grey diamonds, corresponds to slow
flow channel, excepf = 20°, while for the bottom onesnly  vortex motion. The ratia™ /v is =1 (black squares), between
the sample withd = 85° exhibits easy-flow channel behavior. 1 and 1.25 (grey diamonds), and larger than 1.25 (open circles).
Here f, = 0.15f, andn, = 230/A%. (b) v™ /v versusf,®/f, for = 35°,70°,80° (upper curve).
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FIG. 4(color). (a) B.(x,y) along a TB at #=85° with

2B/ fp,=0.05, f, =0.4fo, andn, =152/A>. B.(x,y) exhibits
a “flame” front profile. The same-color contours of constant

X (d)

is narrower because these TB's are easy flow channels.
Also, we repeated the above experiments at a higher ra-
tio, f}%/f, = 1.5, and found that the perpendicular TB’s
are still barriers to flux flow; i.e., the magnetization is still
higher than the untwinned case. The parallel twins no
longer act as easy-flow channels, and thus the magneti-
zation is nearly identical to the untwinned case. All these
results are qualitatively similar to those in Ref. [7]; the mi-
nor differences are most likely due to finite size effects.

To summarize, we have performed simulations of
flux-gradient-driven vortices in twinned superconductors
with a very large number of(~10°) point defects.
Experiments can be explained by using a simple model
for a twin boundary: a parabolic well containing pinning
sites which are different in strength from the rest of the
sample. In agreement with experiments, we show that
the twin may act as either a barrier or an easy flow
channel (producing “flame”-type flux patterns), depending
on the angle between the flux flow and the pinning
ratio, f7°/f,. We quantify these results in detail and
provide a phase diagram for the plastic motion of vortices
[Fig. 3(a)]. When the twin is a barrier, it acts to guide
flux motion, resulting in the pileup and shadowing effects.
We also compute magnetization loops for samples where
the twins are parallel and perpendicular to the flux flow,
and obtain results similar to recent experiments [7].

S.F. was supported in part by the NSF under Grant
No. DMR-92-22541.
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B. indicate the current flow around the twin. The images 4(a, [1] See, e.g., [2] and S. Senoussi, J. Phys2]IL041 (1992).

d, e) showB.(x,y), which is obtained by approximating the
field due to each vortex by a monopole located Helow the
surface and computing,(x,y) at z =0.61 above the surface
(see Ref. [20]). A short video clip of (a) is available from
the authors at http://www-personal.engin.umich.&davi.n (b)

M (H () for heavily twinned samples; the TB'’s are 3.Gpart.
TB'’s, indicated by black lines in (d) and (e), act as barriers [for
TB’s perpendicular to the vortex flow as in (d)] or as easy-flow
channels [for TB’s parallel to the vortex flow as in (e)]. For
comparisonM(H(¢)) for an untwinned sample is also shown
in (b). In (b-e),fTB/f, = 0.1, f, = 0.2fo, andn, = 496/,

(c) B(x) for the sample shown in (d). Notice thsudden
decreasein B(x) (leading to high currents) at each of the
TB's. This “terraced”B(x) profile produces a periodic array
of alternating high and low current regions (see Ref. [21]). In
(c,d) the TB’s act as a series of “flux dams”.

all. Note that Figs. 4(d,e) are two particular (and ex-
treme) cases considered in the phase diagram Fig. 3(
0 =0°and 90. For these runs the sampledigA X 42,

fT®/f,=0.1, andf, = 0.2f,.
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