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Critical currents and extended voltage—current characteristi@04f tilt, low angle boundaries in

thin film bicrystals of pure YBgCu;0, and Y, Ca 3Ba,Cuz0, in strong magnetic fieldsH<<10 T)

have been measured. Fof@0d1] tilt boundaries, there are clear benefits to Ca additions, particularly
when the sample is oxygen treated to further overdope the sample after growth. Ca-doping decreases
excess grain boundary resistance and diminishes the gap between inter- and intragrain current
density over a wide field and temperature range. In spite of the |dwesf the 0.3 Ca-doped
samples, Ca doping increases the intergrain critical current density at 44 K as high as 30% over 0—3
T and threefold at 5 T. €2000 American Institute of Physids$S0003-695(00)03644-5

Mechanisms of current transport through grain bound-  Thin films were grown ofi001]-oriented SrTiQ bicrys-
aries(GB) in high-temperature superconductors and the crititals by pulsed laser deposition under identical conditions us-
cal misorientation anglé, at which a GB obstructs super- ing both pure YBaCu;O, and Y, /Cay Ba,Cu;0, targets:
current flow are of great intereSt® These issues are Our films were grown at 210 mTorr oxygen pressure and a
particularly important for biaxially textured coated Substrate temperature of 810 °C, followed by a postgrowth
conductoré;® where recent magneto-optical studies sugges@nnealing in oxygen at 830 Torr and 520 °C for 30 min be-
that the intergranular critical current density falls below  fore final cooldown. Most data was obtained on twd G01]
the intragrain current density, for 6=4°7 A low angle tilt bicrystals. Cross-sectional scanning electron microscopy
(#<5°—109 [001] tilt GB can be modeled as an array of showed the film thickness of the pure and Ca-doped films to
edge dislocations with insulating cores of the order of thebe 260 and 228 nm, respectively. Bridges 25 wide were
Burgers’ vector(0.4 nm in diameter with relatively undis- Patterned using lithography and argon ion beam etching
turbed channels between the cores. The quality of the charfechniques. Each bridge contained voltage taps for voltage
nels and the charge imbalance on the GB play a large role ifféasurement of the intergra{@6 wm long and adjacent
determiningJ,.®9 Screening of the excess GB charge leadgntragrain(240 um long portions of the bridgeV—I char-
to a depression of the superconducting order parameter in trRéteristics were measured over 4-5 decades/ ofising
channels and over a region of 1-2 nm near the GB. Keithley 2001 nanovoltmetersensitivity better than 5 nV

model® which incorporates these characteristics, explains th80th Jc andJ, were defined using the standard electric field
quasiexponential decline af,(6#) observed for larges in  Criteria of 1Viem. The Yo Cg BaCus0, film was mea-
YBCO bicrystalst~2 indicating thatJ,(6) can be improved sured in |_ts as-grown condition _before subsequent post-
by increasing the GB carrier densitior example, by over- annealing(in pure oxygen for 30 min at 420 j@nd retest-
doping the sample However, since YBZCu,0, can only be N9 iN the oxygen overdoped state. The pure YBCO films had

slightly overdoped from the optimal composition o£6.94 narrow _resistive transitionsA('I’__<O.4 K). As-grown Qa-
up to x=7, their GBs are generally thought to be hole doped films had broader transitionAT<4 K), sharpening

deficient!®!! Recently, Schmehkt al'? have made Ca- (AT<1.2 K) upon postoxygen annealing. The zero-

. .. resistanceT. values were 91 and 78 K for the pure and
doped YBaCu;O, bicrystals where greater overdoping is c 7 "
possiblet? finding that the GB resistance could be stronglyga:gc’peg 2:25} ITI :he;skgr?twrn Cor][d';'on’nbl:it f:@Of the
decreased and,(0 T, 4.2 K) of some 24°[001] tilt GBs a-dope ellto arter postoxygenation.
) ) . . Figure 1 compares the—J curves for the intergrain and
increased by as much as eight times. More recent work Wlﬂt]he intragrain links taken at a constant reduced temperature
YBa,Cu;0, /Yo Lo Ba,CusO, multilayers showed that g P '

; . t=T/T.=0.85(77 K for the pure and 66 K for the as-grown
J,(0 T, 77 K) could be raised by up to 3.5 tim&However, e o . R
these dramatic increases (6) were observed in zero Ca-doped 57001] tilt bicrystal). Both films exhibit single

. . . . crystal-like intragrainE—J characteristics, the curvature of
magnetic field on high angle GBs which remained WeakIyE(J) changing smoothly from negative to positive with in-

coupled even after-Ca overdopmg. In .the present work W%reasingH. We used the change of sign of the curvature of
report on the benefits of overdoping with Ca and O for IowE(J) to define the irreversibility fieldH* =5 T for pure
angle GBs. We measured the extended voltage—curreq}BCO ard 3 T for Ca-doped YBCO &t=0.85. In spite of its

(vV-1) characteris_tics Of_ 5 an_d _70 [001] tilt lower H*, the Ca-doped film had higher absolutgvalues
Y0708 B8,Cus0 bicrystals in magnetic fields up 10 10 T. a4 |yer fields. The intergraif—J characteristics of the Ca-

We found considerable increased{ ¢) due to the Ca over-  joh04 film are single-crystal-like, unlike those of the pure

doping. YBCO film, where the low field(1-3 T) intergrain E—J
curves show an initially steep rise followed by a pronounced

dElectronic mail: gdaniels@students.wisc.edu kink at higherE. As shown later, this behavior is due to flux

0003-6951/2000/77(20)/3251/3/$17.00 3251 © 2000 American Institute of Physics

Downloaded 09 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



3252 Appl. Phys. Lett., Vol. 77, No. 20, 13 November 2000 Daniels, Gurevich, and Larbalestier

100 Pure YBCO
10
E
2
K/ 11
2
LL
0
-
[4]
2 0.1
w o Ca-doped / As-Grown
10
102 10 10* 105  10° 2
Current Density (A/cm?) § ;
100
—o— 0T
—— 2T
—o— 4T
—o— 6T
£ 107 5 01 Ca-doped / Oxygen Annealed
E 10 ]
T
()
ir 102 5
L
T
B 14
(1)
w 1073 -
T . S——— Y 1 S S U T 0.1 . . . . .
102 103 104 108 10¢ 11 22 33 44 55 66 77

Current Density (A/cm?) Temperature (K)

FIG. 1. Intragrain(dotted and intergrain(solid) E—J characteristics of the ~ FIG. 2. IntergrainJ,(T,H) (open symbolsand intragrainJ.(T,H) (solid

pure YBCO[1(a)] and Ca-dopefli(b)] 5° [001] tilt bicrystal films taken at symbolsg for different magnetic fields and doping states. The incomplete

the same reduced temperattireT/T,=0.85, that is 77 and 66 K, respec- Jc(T) curves for the pure YBCO result from the measurement configuration

tively. Magnetic fields(in teslg are shown at the top and bottom of each in which the intergrain voltage reaches its lirtdue to Joule heatingefore

trace. The insets show the intergrdin-J curves on a linear scale. the intragrain dissipation has begun. This effect was not observed on the
Ca-doped film due to smaller differences betwdg(l) andJ (T).

flow along the GB. The pure YBCO filmd T demonstrates 0.56, and 0.62, respectively, for pure YBCO, as-grown Ca-
a marked change in the—J curve: the low-voltage partis goped YBCO, and O-overdoped Ca-doped YBCThe gap
intragrain-like, there then being a distinct change as the graiBetween, (H) andJ.(H) is very large for the pure YBCO,
boundary dissipation takes over, changing again at the highsmajler for the as-grown Ca-doped sample, and is nearly
est voltage to dissipation dominated by the intragrain comgrased for the oxygen-overdoped sampleHat2 T. Most
ponents of the bl’ldge In Spite of the lower irreversibility Signiﬁcanﬂy’ oxygen Overdoping the Ca Samp|e notab|y in-
field of the Ca-doped grains, the Ca-doped sample has &eases),(H) in fields up to 2.5 T.
higher intergrain current density than pure YBCO evaluated Tq clarify the pronounced kinks in thE—J curves of
at the samd /T, of 0.85. the pure YBCO bicrystal, we plotted them in linear coordi-
Figure 2 compare§, andJ. over a wide field and tem- nates(Fig. 1 insel. The data shown in the inset in Fig(al
perature space for pure and Ca-doped YBCO. For pur@re well described by a linear dependenge (I—1,)R,
YBCO, there is a large difference betwedp(H,T) and  where R(H) is an excess GB resistance, andthe inter-
Jc(H,T), while this difference is absent at higher tempera-granular critical current. Similar behavior has also been ob-
tures for the oxygen-annealed, Ca-doped film. The as-growserved on other YBCO bicrystal*é The kinks of the log—
Ca-doped film shows intermediate properties. Ovedg(IT) log V(I) plot in Fig. 1(a) thus result from the switching of
and J,(T) curves are always closer for the Ca-doped filmthe GB into a resistive state aboVg, while the displaced
than for the pure YBCO bicrystal, and oxygen-overdopingohmic dependenc¥=(l—1,)R at|~1, indicates flux flow
brings them even closer. of vortices in a channel along the GB. Rdr4 T, theV—I

Figure 3 compares thd(H) curves at 44 K {=0.48, curves are linear near the transitidms 1,(H), curving up-
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seen inV(l) of pure films atH<<4 T. This indicates that Ca
doping strongly decreases the excess GB resist&)cgeo
that the vortex slippage along the GBIl atl,, does not mani-
fest itself in theV—I curves of the doped bicrystals. The
conclusion is consistent with the significant decreasdr of
observed on a Ca-doped 24901] high-angle GB£? This
reduction ofR results from the increase of the local carrier
density at the hole-deficient GB with Ca dopitigThe over-
doping thus partly compensates the suppression of the order
parameter on the GB, which results from a progressive shift
of the chemical potentigl(6) at the GB toward the antifer-
romagnetic insulating state asincrease$.Note that since
n(6) increases withy, the optimum Ca content may be dif-
ferent for GBs with different.
In conclusion, the data of Figs. 1-3, taken over a wide
B(T) range of electric field and current density, magnetic field and
FIG. 3. Comparison of magnetic field dependenciesigiH) (¥) and  temperature all support the fact that Ca additions strongly
Jc(H) (@) for pure and Ca-substituted films in two different doping states atbenefit the intergranular current density of low angle GBs.
44 K (t=0.47, 0.56, and 0.62 for pure, as grown and O-annealed Ca-dopegyore |imited characterization of the other 5° and[@01] tilt
films, respectively. Only two data points were available for the pure YBCO " . .
intragrainJ, due to concerns about overheating the intergrain link. GBs also qualltat|ve|y confirm this result. The present results
support the modef$? and show benefits of Ca and O over-

doping for low angle grain boundaries.
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