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Flux pinning and critical currents at low-angle grain boundaries
in high-temperature superconductors
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Calculations of the pinning potential at low-angle grain boundaries in high-temperature
superconductors are presented which fully incorporate the periodic nature of the low-angle
boundary. A nonlocal kernel provides a smooth transition from an Abrikosov vortex far from the
boundary to a Josephson vortex near the dislocations. We examine the angular dependence of
critical current in the two idealized limits of pure strain and pure band bending. Recent data appear
limited by band bending with significant potential for improvement through dopin2082
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The seminal experiments of Dimost all and other away from the cores to a Josephson-like vortex in the vicin-
workerg—° revealed the remarkable sensitivity of the critical ity of the cores. By including both the nonlinearity of the
current in the high-temperature superconductors to the preskernel and the finite extent of the Josephson junction we
ence of a single grain boundary. Over the range of misorienallow the vortex to explore the good regions of the boundary
tation angles from~5° to 45° the critical current drops ap- plane. Thus, we incorporate the minimum new physics nec-
proximately exponentially by about 3 orders of magnitude.essary to give a physically realistic description of a low
Above about 4° evidence of weak coupling is foltiddica- ~ angle grain boundary.
tive that the boundary is acting as a Josephson junétion.  Initial studies assumed the bad regions had a radius de-
More recently it has been shown that doping can have &rmined by straitf which destroys the delicate
significant effect on the grain boundary critical current and &CU 3d—02p hybridization® Previous studié$** showed
band-bending model has been proposed to account for tHs(#)/D(6) =1.168/8.* With increasing misorientatios,
effect8-10 the width of the nonsuperconducting zobg(#) decreases,

In the regime above 10° misorientation the exponentiaPS does the dislocation spacibg 6) =b/2 sin(@/2), whereb

drop has been successfully modeled as transmission throudfh the Burgers vector. _
a continuous, long Josephson junction with a width deter- There is increasing evidence for strong band-bending ef-

mined through a structural unit description of grain boundary/€Cts in %grovsknes at?d (;(_alia\ted _mater:?aéIEAdéJe Loda'ml intrinsic
atomic structuré! Pinning models incorporating a nonlocal r_10nst0|c |_ometry at the dislocation co - =ach disioca-

kernel have been developed for this regitié-4and the ef- tion core is surrounded by a hole-depletion zone such that
fect of inhomogeneities have been investigated in a Iinea?he total number of depleted holes equals its charge. In a low

approximationt> At low angles, however, the situation is angle boundary, and we therefore assubeto be indepen-

i . ent of . We calculate pinning barriers for two idealized
more complex as the boundary comprises an array of discrefe . . : . . )
Imiting cases, first, withDg given by Eq.(1) assuming no

Q|slocat|on cores gnd the vortex cannot be assumed to remat|)r<1jmd bending, and second wibh, to be Do<D(6), deter-
in the Josephson junction. The boundary plane alternates bﬁiined only by band bending. In reality both effects will oc-

tween %a‘i' (J((j)”seph_son—l_|k)ebret\g,;\;ons Zt C;_he bd|slocLat|o dn cur simultaneously but we separate them here to demonstrate
cores and "good” regions in between. Insburg-Landauy, o, very different angular dependence.

formulation is appropriate for conditions when the coherence To calculate the pinning potential we use the approach of
length islarge compared to the dislocation spacing along theAgassiet al?5 For a coordinate systefix,y} perpendicular
b_oundary, and thg critical curreent is d.eterrnin.ed by_ the_fracand parallel to the boundafFig. 1(a)], the critical current
tion of “good” grain bounda.ryl. The situation is quite dif-  yensijtyacrossthe grain boundary,(y) involve the conden-
ferent if the dislocation spacing exceeds the coherence lengtfyie gauge-invariant phase discontinyity) [Fig. 1b)]. In

which occurs for misorientations below 4; the regime im-5 good passage the current—phase relation is as in the bulk.
portant for coated conductor technologtés® Hereflux pin-  por g pointx,, within the boundary widthdgg, as

ning will determine the critical current, and the inhomoge-
neous nature of the boundary cannot be ignored. In this letter o
X:XM
where A, is the electromagnetic potentiab,= mAc/|€| is

C Dy I
. . . . X + goo -
we present a generalization of previous treatments in which  Jx ) A\2
dElectronic mail: agassiyd@nswced.navy.mil the flux quantum\ is the penetration depth and the sign

Ax(Xm ,y)+55

the vortex changes smoothly from an Abrikosov-like vortex
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strained redistribution of the shielding currents. A plot of the

periodic pinning potential per unit vortex lendths is shown

schematically in Fig. ().
The full solution of Eq.(3) is computationally intense.

I However, sincej;;<jg we takej;;=0.0ljs in all cases.
Second, the critical current across the boundary is propor-
tional to the maximum gradient df in the y direction?®

_L which we approximate adUp/R. The functional form of

——RF Up(y),_ is no longer r_equired, just the pinning barrigt),,
[see Fig. 1d)]. AssumingR scales with the size of the bad
zoneDg, thenR can be normalized out by taking critical

x | Up current ratios for two different anglesand 6,

(a) (b) (c) jc(6)  AUp(8) R(6,)

FIG. 1. Schematics showin@) a two-dimensional model for a low angle Je(fo)  AUp(6) R(6)
grain boundary with angle@between equivalent crystallographic directions Choosingé, sufficiently small, the critical current becomes

in the two grains;(b) the gauge-invariant phase discontinujtyy) for a . . . . .
vortex located in the center of a good passage in a 3° grain boufwiate relative to that in theyrains jg , exactly as measured experi-

change ofy scale with respect téa)]; (c) the variation in pinning potential mentally.

Up parallel to the boundary plane which determines the critical current The critical current across the boundary is now given by
across the boundary. The pinning barrd&d ; rises over a distancR.
jc(0) AUp(6) D(6,)

- —~ for the strain model
presumes for electron superconductivity. We make the ap- je  AUp(6,) D(6)

proximation dplox =[ p(X=dgg,yY) — ¢(x=0,y)]/dgs

Ty fully two dimensional[see Fig. 18)] which allows uncon-

REEETEEEEPEEEEE

4

= A ¢/dgg, and relateA¢ to x(y) in the standard way: orAAUU—P((;)) for the band bending model,
2le| (des P
X(¥)=(dee.y) = #(0y)+ 3= | -+ dXAXY) giving a robust prediction for the angular dependence of
critical current for the two models.
2|e| We compare the predictions to available bicrystal data at
~Ad+ 7 degAd(Xu 1Y) (2 5K, that of Verebelyket al?® and Dimoset al* One compli-

cation concerns the normalization to a low angle boundary.
Verebelyiet al, pointed out that grain boundaries of 1.8° or
less arandistinguishabldrom the grains due to the presence
0", g of twin domains in YBCO,; the lattice rotates by 1.8° across
the critical current of the grains. o each twin boundary, so that intersections of twin domains
In the bad regions we havg, )= —1asiX)] \would be expected to lead to 1.8° grain boundaries. There-
wherej ;5 is a Josephson critical current. The grain boundaryrore, all grains contain 1.8° grain boundaries adsmaller
comprises a periodic array of these two domains,ang|e can be measured experimentafly
with  critical  current  j(y)=—Qu(Y)jcx(y)+[1 We therefore normalize our theoretical predictions to an
—Qp(y) lisssinix(y)] where Qu(y) is a Kronig-Penney 5,410 ofg =1.8°, and use the valujgs=6.2x 10 Acm 2
form factor taking the values 1 or O for good or bad regions g, anolated from Verebelyt al, which is close to the de-
respectively. We then combine this with Ampere’s law andiring jimit. Figure 2 compares the predicted angular depen-
the London equa_nons and arrive at the key equation for thﬁence ofj c with bad zones appropriate to the band bending
phase discontinuity: and strain criteria. In the band-bending case, the constant
)\ﬁJgood o Px(y") ly—y'| width of the bad zone leads to a very rapid drop in critical
J —s Ko( ) current with angle. In effect, the current is pinched off as the
A o 9y A . . . .
dislocation spacind reduces towards the size of the bad
Ix(Y+Yo) zoneDg. The choice ofDg=3 nm matches very well the
== TSW[X(Y)] data of Verebelyet al. Above 6° D falls below zero, mark-
ing the transition to the tunneling regime, which is outside
2)\33900" y the scope of the present model.
Y Nyny: , 3 In the strain mode(dashed line, using identical param-

0 eterg the critical current is not pinched off so rapidly since
where)\§J9°°d= cd /(167N ) is defined in analogy to the the diameter of the bad zone reduces with increasing angle. It
Josephson penetration depth. The solution reflects the peritoes not match the data of Verebelatial. so well, but
odicity of j,(y) [see Fig. {c)], andx, andy, are the loca- parallels the data of Dimoset al*>° This may explain the
tion of the probe vortex. Inserting the solution into the freevery different angular dependence of the two sets of data.
energy functional gives the pinning potenfialThe present Using lower values of s, the fit to the Dimos data is even
results are qualitatively different from a superconductor suworse. A possible explanation is that their crystals may have

perlattice model reported previougfyThe present model is had a larger angular spread within the grains. This would
Downloaded 07 Oct 2002 to 128.219.23.129. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

Inserting A¢ from Eq. (3) into Eq. (1) gives a convenient
linear relation for the critical current density?*°{(y)=
— cdo/(87\%dgg) = —jsx(y), in which we identifyj g as
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FIG. 2. Angular dependence of grain boundary critical current normalizedz|g, 3. variation in pinning potential normal to the boundary plane which

to the grains comparing theoretical predictions for the band-ben@mll ¢ontrols the critical current parallel to the boundary, calculated in the band
line) and strain(dashed lingmechanisms to the experimental results of Ref. bending model for a misorientation angles of 3° in units®fdm\2)? per

29 and Ref. 1. Also shown arBs/D for the band bending and strain ey ynit length. The slope indicates a critical current parallel to the
models, the geometric reduction in the good fraction of the boundary planeooundary of 1.K10° Acm™2, close to the depairing limit
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