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The spatial variation of the current across the boundary in severgy(B@, _, grain boundary
Josephson junctions was determined using direct methods. A phase retrieval algorithm was used to
calculate the positional critical current densitfx) from critical current versus applied magnetic

field, I .(B), measurements. The current distributions were highly nonuniform along the length of
the junctions. These measurements are consistent with existing filamentary grain boundary models,
low temperature scanning microscopy studies, and laser scanning microscopy studies Bf high
grain boundaries. The very large scatter in the critical currents reported in the literature for grain
boundaries of the same macroscopic geometry appear to be due to the underlying variations in local
critical currents. ©2000 American Institute of Physids$0021-8979(00)01905-8]

I. INTRODUCTION penetration depth), self-field effects are assumed to be neg-
ligible and thus the magnetic field along the length of the

Understanding the relationship between the microstrucgrain boundary can be considered constant. For these types

ture and transport properties of Josephson junctions is one of junctions, if the current-phase relationship is sinusoidal,

the keys to manufacturing reproducible high quality junc-the Fourier relationship of Eq1) can be used to represent

tions. However, there are few methods of obtaining localhe relationship between the critical current as a function of

transport information across the boundary. Therefore, a dithe applied magnetic fielt,(B) and the current across the

rect comparison between local microstructure and locaboundary as a function of the position along the length of the

transport data has not been possible. Variations in the spatiabundary?

distribution of the currend(x) across the boundary can be

estimated using low temperature scanning electron micros- "

copy (LTSEM) and laser scanning microscogySM).1~> IC(B)=U Jx)expi ¢(x)]dx], (1)

These scanning techniques measure a voltage difference as a *°°

beam is rastered from point to point along the length of the

boundary. The actual current distribution is not directly meawhere ¢(x) = qx +¢, andq=27DB/®, (B is the magnetic

sured, rather the voltage difference due to the incident bearield applied perpendicular to the current directiahy is

is measured along the boundary and then related to the locdkfined as the superconducting flux quantuni2é=2.07

current variation. The spatial resolution of these scanning<10 ' Gcn?) andD=\;+\,+d whered is the thickness

techniques is on the order of dm. Consequently, meaning- of the barrier and\ the London penetration depth.

ful data sets for these scanning techniques can only be ob- When the current distribution along the boundary is uni-

tained from rather wide junctions. Also, the limited point to form, Eq.(1) simplifies to the familiar Fraunhofer diffraction

point sensitivity of these techniques gives only a rough estipattern. Most higiT . junctions that have been studied in the

mate of the current distribution since small local deviationsliterature show large deviations from the ideal Fraunhofer

in the current are averaged out in the signal. Moreover, onlynagnetic interference pattern of a uniform junctioff It is

rather large deviations in the current across the boundary ateelieved that many of these deviations are due to structural

measurable. and stoichiometric inhomogeneities along the grain bound-
An alternate method that has been explored for deterary.

mining the local current variations along the length of the  Sincel(B) is the modulus of the Fourier transform of

boundary in Josephson junctions is by measuring the magkx), in general it is not possible to directly calculatéx)

netic field response of the critical current. For small junc-from I.(B). An approach that has been used for obtaining

tions (when the widthw<4 \;, where)\; is the Josephson spatial information about the current across the boundary
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all existing constraints
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Initial guess of
starting phases

S

FIG. 1. Schematic diagram of projection between two convex constraint sets
S, andS,. Successive projections continue to converge towards a solution
at the intersection of the two sets.

FIG. 2. Schematic diagram of a trap geometry. Sets a nonconvex set.

. . - . . Projection of an initial guess between the two sets may converge to a solu-
using the Fourier relation of qu) is the calculation of the tion at the intersection of the two sets, but it can also lead to convergence at

; : 12-18 : ;
correlation function C(x). The correlation function  the trap which is not a solution. The point of convergence is dependent on
C(x) is the location of the starting guess.

— ” 2 P
CX) _‘ J,OO'IC(B)' exli¢(x)]dx, 2) when at least one of the sets is noncon¥&Xo illustrate this
, . Fig. 2 shows an example of a possible trap geometry. From
and has been used to analyze the spatial variation of th,gig_ 2 it can be seen that an initial guess at or near @it
microstructure of the boundafy=*® Inverse Fourier trans- b \would result in convergence to a trap at polatPointA is
forming I ;(B) to obtain the spatial variation df()_() requires not at the intersection of the two constraint sets and thus
knowledge of both the__phaS(_e and th_e moduli. _Equa(@_n point A is not a solution. Figure 3 gives a schematic of a
does n_o_t use any positional mf_ormauon regarding the '”hotunnel geometry. A tunnel may exist between the two con-
mogenities of the current density. Therefore, the correlationyyaint sets such that when projecting between the two sets
function does not give direct positional information about they, o sojution may stagnate far from an actual solution. Unlike

curre.nt across the boundary. '_I'hus, the use of the correlatiogple trap geometry, a solution that is caught in a tunnel will
function does not allow for a direct comparison between CUleontinue to converge towards a correct solution. However,

rent and the microstructure along the boundary. due to the geometry of the tunnel, the convergence may pro-
Nesher and Ribak demonstrated that by using knownqqq very slowly.

constraints about the junction, in concert with existing phase

. . o . o It is important to note that tunnel and trap solutions do
retrieval algorithms it is possible to limit the number of pos-

- _ > ” not conform to the boundary constraints and should be dis-
sible solutions to the one—tilgmensmr(aJD) phase problem  .riminated against before evaluating possible correct solu-
and restore)(x) from [¢(B).™ In many cases a very small ,ns A self-consistency check alone, as used by Nesher and

number of pos§|bligsolut|ons exist and in some cases thgjnay is not sufficient to determine convergetidehe last
solutions are unique. Unfortunately, the rather easy task of jiaration of the algorithm is the same as the previous itera-

restoring a set of missing phase information from a set of 1Qjon) 15 4 correct solution. In this case, it is possible to in-

moduli measurements is greatly complicated due to the nonsq ety conclude that the algorithm has converged to a so-
convex nature of the problefi.The general phase retrieval lution when it is merely caught in a tunnel or a trap.

algorithm outlined by Nesher and Ribak can be formulated in theare are two important conclusions that can be drawn
set theoretic terms as the iterative projection of an initial.5 1\ the scenarios indicated by Figs. 2 and 3. First, the
guess between two constraint s&tOne constraint set is  cpoice of the initial starting guess controls whether or not the

defined by the real space constraifestS,), and the other  5144rithm will converge to a correct solution. Second, a rank-
constraint set is defined by the Fourier space constrésets

S,).2Y A correct solution is any solution that lies at the in-

tersection of the two sef8.When both constraint sets are

convex, all initial guesses at the solution will continue to

converge to a possible correct solutfdrFigure 1 is a sche- S,
matic example of projection between two convex constraint  Point of true solution

setsS; andS,. From Fig. 1, it is possible to see that projec-

. R . Tunnel .
tion back and forth between convex constraint sets will lead ~a initial
to a solution that is at the intersection of the two sets. How- guess
ever, it is well known that the Fourier constraint set for the

1D phase retrieval from modulus problem is not congfex. Sy

Consequ.ently’ thelte. IS no_guarantee of convergence to a Cqu_G. 3. Schematic diagram of a tunnel geometry. Tunnel geometry can lead
rect solution. Specifically, it has been demonstrated that trapg stagnation of the algorithm far from the intersection of the two sets

and tunnels exist when projecting between two or more setdepending on the proximity of the initial guess.
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ing system or figure of meriFOM) must be used to separate conducting[001]orientated thin films onto SrTigbicrystal
a starting guess that converges to a correct solution from gubstrates. The grain boundary misorientation angle about
starting guess that converges to a tunnel or trap. Thereforgpo1]was 24°. Our results were obtained using YBCO and
some of the starting guesses of a random number generatgb-doped YBCO thin films. In the latter case, results are
without the aid of a FOM will converge to tunnels and traps.reported for total Co/Cu ratios of 0.01 and 0.02.
Also, when testing various test models, specifically those  The films were grown by pulsed laser ablation to a thick-
with multiple correct solutions, we found that a random ness of about 250 nm. A Ce®uffer layer was employed to
number generator has a very difficult time finding all pos-suppress-axis-oriented growth. The pure YBCO films were
sible correct solutions. grown at a substrate temperature of 780 °C and an oxygen

Understanding the above mentioned complexities, Weyressure of 300 mTorr. The Co-doped films were grown at
have developed a phase retrieval algorithm that differs fron800 °C and 800 mTorr. The films were patterned using Ar-
the one used by Nesher and Ribak in two important aspectson etching to form microbridges spanning the grain bound-
One, we use a FOM to test whether a possible solution conary with widths of 1 to 1Qum. Magnetic field measurements
forms to the known boundary constraints thus eliminatingwere performed with the applied field parallel to thexis
trap and tunnel solutions from consideration. Second, we Usgerpendicular to the substrate plame order to determine
a genetic algorithm to effectively search solution space tqhe response of the critical current.
find all possible solutions.

We have found that the most useful FOM for the 1D
Josephson junction phase problem is one that checks whethidy CALCULATIONS
or not the calculated solution conforms to the known bound-  The | (B) data sets were measured in both the positive

ary constraints after each iteration of the algorithm. We degn(g negative field directions. THg(B) measurements were
fine our FOM as completely reversible with respect to field direction which is
FOM=3[1,(B)—|F:(B)|], 3 a requirement for this type of Fourier analysis. The current
densityJ(x) from Eg. (1) is assumed to be real. Therefore
where|.(B) are the experimentally measured moduli and|C(B) must be symmetric about zero. Consequently, for cal-
|Fi(B)| is the calculated Fourier modulus of thté iteration  -jation purposes, slight nonsymmetries in théB) data
of the algorithm. When the algorithm converges to a possiblgyere averaged out. There also existed in much of the data a
correct solution at the intersection of the two constraint set$asiqual current independent of the applied field which was
the FOM as we have defined it should be zero. When thgpiracted out of the data before the algorithm was applied.
algorithm converges to a trap or tunnel the FOM will be The resolution ofJ(x) in real space is determined by the
nonzero. In practice, slight errors in the data set will result i”magnetic field sweep. The spacing in real space between any

nonzero FOMs for correct solutions. However, we haveyyg consecutive data pointsx is proportional to the inverse
found that the FOM for a correct solution is significantly of the magnetic field sweep.

smaller than the FOM of trap and tunnel solutions. Note that

merely checking for convergence cannot distinguish between Ax= @,

correct solutions and trap and tunnel solutions. 27DABN’
A genetic algorithm, is used to pick our starting sets ofWhereAB is the magnetic field spacin@ is the same as

phases rather than a random number generator. The genefig - Eq. (1) andN is the total number of data points in the
algorithm ranks each of our solutions according to its FOM

. 'magnetic field sweep from B, 10 Bhax. The applied mag-
Solutlons that have a lower FOM are r.anked.as better S‘oMietic field values must be corrected for demagnetizing effects
tions. The GA then selects a new starting point using pres?is pointed out by Rosenthed al?2 They suggested using an
pz;]\rameters a?g Thet FOMf mfozmatlonk to plctl; ne\év sets 0eIIipsoidaI approximation such that the aspect ratios of the
phases more fikely to conform 1o our known boundary ConE‘iiboundary were identical to that of a thin flat spheroid. The

4)

straints. Using the GA, the solutions continue to evolve an esultant magnetic field would be enhanced by a factor of
improve. Eventually, trap and tunnel solutions are eliminate L1 2(Wi/t) whereW is the junction width and is the film

due to t_helr poor FOM a_nd the top remaining s_olut|ons_ ahickness. This approximation has the advantage of being
all possible correct solutions. The details of this algorlthmuniform across the boundary, however studies on the effect
have been published previousfy. of the demagnetization geometry suggest that the approxima-

. By u5|_ng.the above. menuoned phase retrieval method %on tends to overcompensate such that the calculated values
find the missing phase information and thus calculali®d, ¢ 150 largé®~25 A demagnetization factor for a rectangular
we are able to directly deduce the spatial variation of the

t al the bound Thi ides th geometry identical to that of the boundaries used for exami-
current along the boundary. IS provides the necessalyaiinn was calculated based on the approach used by Joseph

means te correlate the variations in the current to variationgnd Schloman&’ The demagnetization factor varies with
in the microstructure along the boundary. position both along the width of the boundary as well as
away from the boundary into the bulk of the sample by ap-
Il EXPERIMENTAL PROCEDURE pro.ximately 1'5%. For. caleulation purposes, the demagneti-
zation factor in thez direction of the sample was averaged
The high-angle grain boundary weak links that wereover the entirgx,y,z)range. The averaged demagnetization
studied were formed by depositing high-temperature superfactors were approximately 50% smaller than those for a
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TABLE I. The demagnetization factdd’ for each sample using a rectan- 0.02
gular geometry and a comparison of the rectangular value to the ellipsoidal
value.

0.015

Boundary D’ AverageD'
width Ellipsoidal rectangular I
<
2 um ~10.5 ~4.9 (MA) o4
5um ~25.53 ~14.47 )

0.005
uniform flat ellipsoid disk with identical aspect ratios. Table
| compares the calculated demagnetization factors for 2- and
5-um-wide ellipsoidal and rectangular boundaries. 0
The phase retrieval algorithm produces solutions for ’
J(x) that are consistent with the known physical constraints (@ Magnetic Field (Gauss)
on the boundary. Since the possibility exists for multiple
solutions, we have used a genetic algorithm to rigorously
search solution space for all possible solutions. When mul- p———
tiple solutions are identified we present all possible current PSR s Solution 2
distributions across the boundary. 10 f y

IV. RESULTS AND DISCUSSION (uJA(fflzn)

All of the weak links investigated in the present study
display clear Josephson behavior at low temperatures which
is qualitatively well described by the resistively shunted
junction model(excess current is very small). We obtap 0
values for these devices of several Ohms at 4.2 K, With (b) 0 ! 2 e 4 5 pm
values ranging from several hundred mA to tenguéfas the )

Co concentration is increased. The Co is assumed to sSubstiG. 4. (a) The critical current vs applied magnetic field profile for a 1% Co
tute for the Cu(l)atoms residing on the basal-plane Cu—Qdoped, 5um wide, 24° YBCO grain boundary junction used for calculation
Chain52.8 However, the transport properties of Co-doped‘?f the critical current density distributioiib) Two critical current dl_strlbu-

. .. 9 tions J(x) along the length of the boundary that the phase retrieval algo-
YBCO films depends strongly on growth conditiciig? It rithm was able to determine. Note the close similarity between the two
has been speculated that this is due to an inhomogeneoustributions.
distribution of Co which varies with deposition parametérs.
Films discussed here are surmised to have a relatively more
homogeneous distribution of Co. The effect of Co doping oncorrect solution. Thus it is extremely important to quantita-
the Josephson properties of grain boundary properties is exively rank the various solutions to determine which are ac-
tensively discussed elsewhére. tually correct solutions distinct from trap or tunnel solutions.

The calculated current distribution solutions for the de-The fact that the algorithm used here has always found just
vices showed similar results. Typically the algorithm foundone type of solution within the accuracy of the experiment
between one and three possible correct solutions. Howevemeasurements and the validity of Ed) indicates that our
all of the solutions were similar, i.e., mathematically differ- procedure is quite robust.
ent but represented the same physical situation. Figanast The general current behavior along the length of our
an example of a Zem-wide boundanyt.(B) data set. Figure boundaries is quite similar to the current variations reported
4(b) shows two different solutionglowest and identical by Nesher and Ribak. Notice how the current varies quite
FOM) that the phase retrieval algorithm found for the dataextensively from region to region along the length of the
set from part(a). The spatial resolution of the data points boundary in Fig. 4. Laser scanning microscopy imaging of
calculated from Eq(4) correcting for the demagnetization the spatial variation of the critical current in high grain
field is =0.13 um. There is a strong peak to peak correspon-boundaries has shown similar oscillations in the current
dence between the solutions and the relative peak heights aa#ong the length of the boundaty. However, due to the
similar. The two solutions found for the data set in Fig. 4increased resolution and sensitivity of the present technique
represent within the accuracy of the measurement the sanwwer LTSEM and LSM measurements, many of the calcu-
current distribution. By contrast the solutions found bylated inhomogeneities of the current distribution would not
Nesher and Ribak did not have good correspondence bde resolved by these scanning techniques and thus bound-
tween peak positions as well as relative peak heights. Differaries studied by these techniques would appear more uniform
ent solutions would imply different physical distributions of on a larger scale than the boundaries studied here.
the current along the boundary. Whenever multiple distinctly ~ Figure 5 shows &.(B) data set of a second sample that
different solutions are mathematically possible, all solutionsvas used for analyzing the spatial variation of the critical
that conform to a zero FOM must be considered a possibleurrent. Figure 5(bshows the calculated(x) distribution.
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0.01 0005 | ]
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Field (Gauss) 001 i . . et
80 0.08 1
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Ix)
(pA/um) 30 002 [ ]
20
0.0 1 1 1 1 1 1 1
v (b) -8 -6 -4 -2 0 2 4 6 8
Field (Gauss)
0 . . e o
) 0 ' 2 R A 5 um FIG. 6. Critical current vs applied magnetic field measurements for a 24° 5

(x) um YBCO grain boundary junction used for calculationJgk) profiles at
(a) 4 and(b) 60 Kelvin.
FIG. 5. (a) Critical current vs applied magnetic field for a 2.0% Co doped,
24°, 5 um YBCO grain boundary junction used for calculation J(x)
profiles. (b) J(x) profile along the boundary calculated for the junction.
rent with temperature. The results of Fig. 7 indicate that by

calculating the positional critical curred(x) as a function

All starting sets of phases converged to a single solution foPf temperatureJ(x,T), it may be possible to map specific
this sample. Local current variations are similar to thoseareas along the boundary that have a different superconduct-
found along the boundary of the sample from Fig. 4. Noteing to normal transition temperature than that of the averaged
that these solutions indicate that the majority of the current igotal grain boundary transition temperature. Also, the current
carried by a small number of Superconducting Segmentgistribution at two different temperatures should be similar
along the boundary separated by regions that carry little ofs in Fig. 7. Thus any solutions found at an intermediate
no current. There have been several grain boundary model§mperature must also conform to the same physical current
that suggest the current across the boundary is carried by @stribution. Therefore, if there were actually physically dif-
series of small(nanometer length scaleduperconducting ferent solutions, it would be possible by performing these
filaments along the length of the boundafy®® Our results
in no way contradict these models, however due to the lim-
ited magnetic field sweep of our data and the resulting lower 35
resolution of the current distributions, we would expect our 20
boundaries to appear more uniform than the microfilamen-
tray models would suggest.

Figure 6 shows.(B) data from a 5um boundary mea- 20 | a2 Kelvin
sured at two different temperatures. The positional current Ix
J(x) across the boundary was calculated for each data set uamum)
with a spatial resolution of approximately 0.18n. Figure 7 10 [
shows the only solution found by the algorithm for both the
4 and 60 Kelvin measurements. There is a strong physical
agreement between both solutions, with good correspon- 0 e
dence of peak positions and peak shape similarity between ° 1 2 3 4 § pm
the 4 and 60 Kelvin measurements. The 4 Kelvin sample @
shows a significantly larger total current crossing the boundg g, 7. positional current density(x) calculation at 4 and 60 Kelvin cal-
ary which is consistent with the variation of the critical cur- culated from data in Fig. 6.

25 [
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