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Transport properties of high-angle grain boundaries in Co-doped YBaCu30_ ;5 thin films
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We have measured the electrical properties of symmetric 24°-angle grain boundaries in
YBay(Cuy,_,C0,)30;_ 5 thin films, for x=0-0.1. The Josephson properties of the grain boundaries vary
dramatically with the amount of Co doping and with the growth conditions. The critical current decreases and
the resistance increases as Co is added until the supercurrent is suppress$gi, pheduct scales in a similar
manner as other high; weak links. Thel-V characteristics become nonlinear with Co doping and often
display resonant structure. An analysis of these results indicates that these grain boundaries are not well
described by simple models.
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INTRODUCTION junctions, has also played a role in high-Josephson junc-
tion development!

The cause of the Josephson effect in high-angle grain  While underdoping will not lead to increaségd values, a
boundaries of YBaCu;O;_ 5 (YBCO) is still not completely  study of underdoped grain boundaries may lead to a better
understood. Resolution of the puzzle is important because afnderstanding of their behavior. It is possible to explore the
the need to lessen the deleterious effects of grain boundariggiderdoped region through oxygen reduction. A problem
on transport for bulk applications where a high current carWith this technique, however, is that it is quite difficult to
rying capability is paramount. Understanding the origin ofuniformly reduce the oxygen content within the YBCO
the Josephson properties is also necessary for furthering ti§ains, much less at the grain boundaries. We have therefore
development of a higfi-, junction technology. Already, thin- Chosen to explore this effect by studying the transport prop-
film high-angle grain boundaries have been instrumental fofti€S Of grain boundaries in Co-doped YBCO films. We ex-

learning about the physics of high- materials such as the pect Co doping to provide a more_uniform reduction in the
symmetry of the order parameter. carrier concentration near the grain boundary than oxygen

The critical current density J) across in-plane tilt depletion. In this paper we expand on our initial repdfts.

n . N R
boundaries in YBCO films is suppressed relative to the bul Co’* substitutes primarily on the G1) oxygen sites in

I dd ked| th in bound e basal-plane Cu-O chains and causes a reduction in the
value, and decreases markedly as the grain boundary angigjer concentration via charge transféCo doping leads
increase$, until the coupling across the boundary is suffl—t

k o " to normal-state and superconducting properties which mimic
ciently Weak to give rise to the Josephsoq effect. In ad(_jltlon[he effect of oxygen depletion quite wéft'S even though
to the grain-boundary angld; andR, of high-angle grain  exira oxygen is assimilated into the structure when Co is
boundaries are also affected by oxygen annedlingone added'®~*° This may be compared to the effect of Ca dop-
annealind, oxygen electromigratioh, and growth ing, in which case the G4 substitutes on the ¥ sites, and
conditions? Phenomenological models have highlighted theincreases the carrier density by introducing one additional
role of oxygen content and disorder at the grain boundary.hole per substituted ioff. Also in contrast to Co-YBCO,
Recent analyses emphasizing the role of dhgave order- Ca-YBCO is known to be oxygen deficiettt?? And over
parameter symmetry have not fully accounted for the dratime, Ca-YBCO loses more oxygen in order to compensate
matic reduction inJ, with angle’ J, decreases much faster for the additional charge introduced by Ca dopfidrhis
than thed-wave symmetry predicts. Grain boundary disloca-behavior is manifested by an increaseTinwith time.
tions may play a role in the transport properties of asymmet- We have previously studied the transport properties of
ric boundaries, but for symmetric boundaries such as thg@rain-aligned YBCO thin films that were doped with &bo.
type discussed here, their effect may be befiign. We found that the transport properties of those films depend
Doping studies are a useful and little-explored comple-strongly on Co content. The bulk, value, for example, de-
ment to the many studies of the effect of varying the grain-creases exponentially with the Co concentration. We also ob-
boundary angle. Recent investigations of Ca-doped YBCGerved that the deposition parameters acutely affect the trans-
films have shown thal, may be increased at low tempera- port properties, much more so than for undoped films. For
ture for high-angle grain boundaries which are overdoped byaser-ablated films with the same amount of Co, those grown
this method”® prompting excitement in the bulk applica- at higher deposition pressure and temperature will have
tions community. We note that Ca-YBCO, when used as dower T. values. T, of a 5% Co-doped YBCO film
barrier material in superconductor-normal-superconducto(Co/[ Co+ Cu]=0.05), for example, may be altered by 40 K

0163-1829/2002/68.7)/1745048)/$20.00 65 174504-1 ©2002 The American Physical Society



BRIAN H. MOECKLY AND KOOKRIN CHAR PHYSICAL REVIEW B 65 174504

simply by changing the deposition pressure from 200 to 800 1500
mTorr. We explained these and other results by assuming that

the growth conditions alter the degree to which the Co is g
either clustered or uniformly distributed throughout the film, i ‘g
thereby altering the length of Cu-O chain fragments in the 1000 |
basal plane and changing the carrier concentration on the
superconducting Cu-Oplanes. We believe that films grown

at high pressure have a more uniform distribution of Co than
films grown at low pressure. We also think that oxygen in
uniformly doped Co-YBCO films is more mobile than in

nonuniformly doped samples. ' /
i ; 0% |
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We deposited our Co-YBCO thin films by pulsed laser Temperature (K)
ablation onto bicrystal SrTiQsubstrates containing a sym- 10000
metric 24° tilt grain boundary. A 20-nm Ceuffer layer s T T
was first deposited in all cases. The deposition rate was 10
Hz, and the laser fluence was 1-1.5 Jcfthe targets con- 8000
sisted of YBa(Cu,_,C0,)30;_ s, with x varying from 0 to i
0.1
(Co/[Co+Cu]=0 to 10%. We employed two sets of depo-
sition parameters for all films. One set of films was grown at
a substrate temperature of 800 °C and an oxygen pressure of
800 mTorr, and the other set of films was grown at 780 °C
and 200 mTorr. Following deposition to a thickness of 250— 2000
300 nm, the films were cooled in 600 Torr of, @t 30 °C/
min. X-ray-diffraction analysis indicated a complet@xis-
normal alignment with no impurity-phase peaks. The films
were subsequently photolithographically patterned with Ar-
ion etching to form multiple microbridges across the grain
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boundary with widths of 1, 2, 5, and 10m. FIG. 1. Temperature dependence of the resistance of Co-doped
YBCO microbridges spanning a 24° bicrystal grain boundary. The
R-T CURVES microbridges are each 10m wide and have the Co content listed.

Each of these films was deposited at 800 °C and 800 mTorr,of O

Figure 1 displays the temperature dependence of the rend is between 250 and 300 nm thick. With increasing Co content,
sistance measured across symmetric 24° grain boundaries ftihe resistance increaseg, decreases, and the resistance of the
bridges with widths of 10um. These measurements were grain boundary increases with decreasing temperature.
taken from films deposited under identical conditions of
800 °C and 800 mTorr with Co contents from 0% to 10%.rent at all. For bulk Co-YBCO films, there is a superconduct-
With increasing Co content, the bulk film resistivitgbove ing to insulating crossover for doping levels above 1%,
T.) increasesT . decreases, and the shape of Bvd curves  but at the grain boundaries superconductivity is squelched at
changes, as expect&tFilms deposited at lower tempera- far lower doping levels. Thus even for Co-doped films, the
tures and pressures display less dramatic changes and higlggain boundary clearly has a deleterious effect.
T. values. At temperatures below the bdik value, there is
a “foo'_t" on the resistive transition vyith a resistance corre- |-V CHARACTERISTICS
sponding to the grain-boundary resistance, i.e.,Rhe&alue
measured from the-V curve. For low Co dopings, the zero- ~ We now examine the-V characteristics of these grain
resistance temperature occurs at a temperature lower thdaoundary junctions. Figure 2 shows representative/
T.. Acritical current appears and Josephson behavior occugurves at 4.2 K for Co doping levels of 0%, 3%, and 8%. The
below this zero-resistance temperature. For slightly highemicrobridge width of these junctions is Jfn, and the films
Co contents, note that the resistance belqvincreases with  were all deposited at 800 °C and 800 mTorr. Low-bias plots
decreasing temperature. Such a temperature dependenceas¢ shown on the leftto 2 mV), and high-bias plots are
the resistance is indicative of some sort of hopping transporshown on the rightto 30 mV). Thel-V curves are reminis-
mechanism. While we have not studied this temperature desent of resistively-shunted-junctiofRSJ behavior, andl .
pendence in detail, we note that in hopping models the voltmodulates to zero with application of a magnetic field, indi-
age dependence and temperature dependence of the condaating Josephson coupling. As shown, adding a slight
tance are directly related. We discuss the voltage dependenaenount of Co strongly affects tHeV characteristicst de-
below. For greater than 5% Co doping, there is no supercurcreases dramatically am}, increases until by 8% Co doping
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there is no detectable supercurrent. Also note that in contrasirders of magnitude up to 10%. Again, there is a slight dip in
to the reported behavior for most YBCO grain boundaryR, A at a doping level of 5%, but beyond tHatA continues
junctions, thel-V curves become nonlinear at high biéise  to increase steadily. We have pointed out thatlthé curves
conductance increases with voltage i@ the behavior is  are nonlinear at high bias, so we note that fyevalues are
clearly not an ideal RSJ response. Furthermore, the bias dgheasured near, for the RSJ-like characteristics, and are
pendence of the conductance increases as the doping ifreasured at zero bias for grain boundaries with doping lev-
creases. Like the temperature dependendgofthis behav-  g|5 apove 5%no ). We also note that there is a fair amount
ior is also suggestive of hopping transport, as we discuss it gpread in the data, particularly for higher doping levels.

more detail below. This behavior may be caused by increasing inhomogeneity
with increased Co dopind.
lc AND Ry The data are different for Co-YBCO films grown under

The measurements bf andR, are summarized in Figs. 3 different deposition conditions. Figure 4 displays the results
and 4, Wh|Ch ShOW hOW the grain bounda}y and RnA at fOI‘ fl|mS gI’OWI’] at 780°C and 200 mTorr. As ShOWI’] in F|g
4.2 K depend on Co doping for films grown under different4(@, J. is nearly independent of Co content up to about 3%,
conditions. Figure 3 displays these results for films grown a@lthough the spread in values does increase. There is a dip in
800 °C and 800 mTorr. There is a rapid exponential decreasé. at the 5% level, though thé, values are nearly an order
in grain boundaryl, with Co content. There appears to be anof magnitude higher than for films grown at higher tempera-
increase inJ. for 5% Co doping. This upturn is not under- ture and pressure. This result supports our earlier observation
stood; the measurements were repeated for three differettiat grain boundary critical currents are strongly affected by
5% samples, with the same result each time. Above 5%growth conditions. Th&,A values follow a similar trend. As
there is no detectable critical current for junctions depositecghown in Fig. 4b), theR,A values are also virtually constant
under these conditions. Figuréb3 displays theR,A values  up to 3%, increasing in value only at a Co level of 5%. We
for the same set of junctions. There is also a strong exponernterpret this behavior as indicating that the films grown un-
tial dependence dR,A on Co doping, varying by nearly five der these conditions are spatially inhomogeneous compared
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FIG. 3. Critical current densitya) and normalized junction re- FIG. 4. Critical current densitya) and normalized junction re-
sistance(b) plotted as a function °f° Co content for several grain gjstance(b) plotted as a function of Co content for several grain
boundary weak links grown at 800 °C and 800 mTorr. boundary weak links grown at 780 °C and 200 mTorr.

to those grown at higher temperature and pressure. If the Co - .
tends to cluster under these conditions, then it is possible th ER“ prOd.U(.:tS for S|m|Iar_dop|ng Ie_vels. .

more superconducting paths exist throughout the film and at The ongin of the spalmg behay|or for Y_B.CO_V\./eak links
the grain boundary such thdt andR,, remain unchanged for In ger_1era| |s.not precisely _det.erm!ned, SO Itis d.'ff'CL."t to say
low doping levels. It is only for higher doping levels that the what is causing the behavior in th|_s case. Certa}lnly It appears
superconductive paths become sufficiently disrupted to affe ot to be due to symmetry considerations, since the grain

J. andR,,. These data support the interpretation of our ear- oundary angl_e remains Fhe same. We m|g_ht say that the
lier results on bulk Co-doped YBCO films. increased doping acts to increase the effective thickness of

the junction barrier, whatever that may be. But since we
know that the barrier is not uniforrtsee below it is also
IRy SCALING likely that the effect is to change the number and/or nature of

Like undoped YBCO grain boundaries, thg},, product  the superconducting and normal current channels across the
is not constant, but rather scales as a functiodofFigure ~ grain boundary. Whether the scaling behavior is a conse-
5 plots IR, vs J. for Co-YBCO films grown at(a) high ~ duence of the nature of the barrier or of the electrodes, i.e.,
temperature and pressure afi) lower temperature and YBCO, is not yet sorted out.
pressure. The figure plots data from films having Co contents

0.5
of 0% to 5%. It can be seen .thaétRnoch , as found for HIGH-BIAS BEHAVIOR
undoped YBCO grain boundarid$® Other types of highF,
weak links also follow a similar scaling relatiéfHowever, As stated earlier, we observe that at higher voltage biases

in this case the variation is caused by changing the Co corthe [-V curves become nonlinear, and this nonlinearity in-
tent, not by changing the grain boundary angle or barriecreases with Co doping. In fact, we find that there is a power
material. We further observe that the data for the 800/80®aw dependence df on V, as shown in Fig. 6. This figure
films and 780/200 films follow the same trend, though theplots some examples of normalized conductafiGA,
films grown at lower temperature and pressure have highewhereG=1/V) vs voltage biad/ for films grown at(a) high
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FIG. 5. IR, product of several Co-doped YBCO grain bound-

ary weak links as a function of critical current density for films X . )
grown at(a) 800 °C and 800 mTorr angb) 780 °C and 200 mTorr. age biasv for several Co-doped YBCO grain boundary weak links,

The Co content of each film is indicated by the symbol as follows:3"Wn at(@ 800 °C and 800 mTorr, ant) 780°C, and 200 mTorr.

0, 0%; 01, 1%: O, 2%: A, 3%: V, 4%:; X, 5%. Thel .R, product The conductance follows a power la@e<V". With increasing Co

follows the scaling relation R,<J", where (@) n=0.58 and(b)  content, the conductance decreases and the nonlinearity bfthe
cin c? .

n=0.44. The data combined produce- 0.53. curve increases.

FIG. 6. The normalized conductanc& € 1/V) vs applied volt-

pressure and temperature a(il lower pressure and tem- power laws were observed in that case, and it was demon-

perature and for various Co doping levels. Note that both thétrated that the conductance followed the Glazman-Matveev

magnitude of the conductance and the dependenc# on predictiorf® for hopping conduction through localized states.

change with Co doping. This behavior is suggestive of somélowever, the conductance we observe is much less than for

sort of hopping transport. We find th@t<V", with a nearly ~ thea-Si barriers, and ou& (V) data does not neatly fit reso-

continuous increase in the powey as more Co is added. nhant tunneling models. Since the density of localized states

Figure &b) shows the results for 780/200 films, in which for a-Siis already quite high, this again may suggest that we

case the nonlinear behavior is similar, though the magnitudare observing the effect of parallel channels of different con-

of the conductance is larger for the same Co level, and thductivity. Adding Co may then alter the proportion of super-

nonlinearity is smaller. Also note that for low doping levels, conducting(direct channelsand normal channels. Co addi-

the degree of nonlinearity is similar. These observations arion may also change the conductivity of these channels by

consistent with our picture of these grain boundaries beingltering the density of localized states or by changing the

more inhomogeneous for Co-doped films grown at lowercarrier concentration.

temperature and pressure. We assume that the transport is

therefore dominated by a small number of contacts. In this |-V STRUCTURE

case, changing the Co content does not change the transport

through these contacts significantly until higher Co levels are  We have observed clear structure in the low-temperature

reached. |-V characteristics of more than 90 of our Co-YBCO grain
This general behavior is vaguely reminiscent of studies oboundary junctiongout of 414 junctions measurgdThis

Nb junctions with amorphous silicon barriéfs.Similar  structure occurs primarily for junctions with high-values
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from a 10um-wide weak link grown at 800 °C and 800 mTorr. 8 10F © = 1
S ° L
(R, for these junctions is always high relative to undoped o é Q O
YBCO grain boundarigs An example of such aiV char- IZE 2 g 6 |
acteristic is shown in Fig. 7. Similar structure observed in & g
wide, highR, undoped YBCO grain boundary weak links g 8 %
has been_ attributed to the existence of Fiske mode & .| 5 ° g
resonance$’ In that case, the grain boundary is modeled as  «° 8
a uniform tunnel junction in which resonances arise due to
interference of the Josephson oscillations with the reflection 0.01 ‘ o

of electromagnetic waves in the barrier. We have analyzed 0 2 4 6 8 10
our data in terms of the Fiske mode picture, in which the Width (um)

position of the Fiske peaks is given by=n®d,v/2w, where H
w is the junction W'dtgzand” is the mode velocity given by g1 g The width dependence @ the normalized capacitance
v=cld/u.e (2N +d)]7% Herec is the speed of lighth IS and(p) the McCumber parameter which are computed based upon a
the penetration depth, and, is the relative permeability Fiske mode analysis of the resonant structure found in many of our

taken to be unity. We can therefore extrect, , the ratio of  Co-doped YBCO grain boundary weak links. If the Fiske mode
barrier thickness to dielectric constant. From this value weanalysis is correct, these quantities should be independent of the
can derive a barrier capacitance, sinice, =Ag,/C, where  junction width, which they are not. Therefore, interpretation of the
A'is the cross sectional area. The result is plotted in Fig. 8 |-V structure in terms of Fiske mode peaks cannot be correct.
as a function of the width. To compute these values, we
assumed a penetration depth equal to 140 nm; using slightlyannot successfully describe the/ structure of these grain
different values will affect the results by only small factors. boundary junctions. While it is possible to choose a value of
The result of the Fiske analysis is that tbalculated GA X such that the computed Fiske capacitance matchels Yhe
value varies markedly with width; this variation ismiphysi-  hysteresis for some junctions, it is clear that over a wide
cal. It is important to note that other measurable propertiesange of junction parameters, this analysis breaks down. In
such as]; andR,A do not change with width, so the grain addition, for most highF; junctions,C/A (computed from
boundary properties do indeed appear to remain constafite |-V hysteresisscales withR,A.%°~2However, for these
with width. To make this point further, we can use this cal-Co-YBCO junctions, we find no such scaling relation using
culated(not actual value of C/A to compute the expected the C/A value computed from Fiske analysis, again indicat-
McCumber parametei3., given by ,8C=27TICRﬁC/<I>0, ing that this analysis is likely not correct. In summary, we
which should be consistent with the amount of hysteresidind that it is not possible for narrow YBCO grain boundary
seen in thd-V characteristics. The result of this computed junctions to support Fiske mode resonances. Therefore, the
B¢ vs width is shown in Fig. &). We do not observe any structure in thd -V characteristics must be due to something
hysteresis in any of the-V characteristics of our Co-YBCO else.
grain boundaries. So, from the plot, we see that the analysis Resonant modes may also arise in a different region of
appears to be reasonable for some of the junctions, particyparameter space, specifically for junctions with large values
larly those of larger widths, but for smaller widths, the resultof inductance and capacitance. This is the so-called “beating
is again unphysical, sincg. should be less than 1; we see mode” picture derived from analysis of the dc superconduct-
that the computed value is orders of magnitude too high. ing quantum interference devi¢8QUID).>*34This may im-

The point of Fig. 8 is thus to show that the Fiske modelply that the resonance modes we observe are due to strong
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0.07 w ‘ not describe our data. We do see a reductiorm jnof the
electrodes as Co is added to the YBCO. For tunnel junctions

008 ; thel R, product should depend only dh of the electrodes,

0.05 [ but this is not the case; the junction properties deteriorate
: much faster than those of the electrodes. While there remains
0.04 | a significant bulk filmT for Co dopings greater than 5%, for

example, the grain boundary critical current abruptly disap-
pears for these higher doping levels. Thus doping the YBCO
0.02 | films with Co also degrades the properties of the grain
boundaries, not just the grains themselves. We do not believe
that Co migrates preferentially to the grain boundaries, how-
0 } ‘ . ever. We have previously showhthat Co-YBCO films
-6 -4 -2 0 2 4 6 grown at high temperature appear to be uniform. This finding
Magnetic field (gauss) suggests that Co migration .i's not significant at our growth
temperatures, and the mobility of Co does not seem to be
o o _ sufficient for the Co atoms to migrate preferentially to the
_ FIG. 9. Astriking example of the 4.2-K magnetic-field diffrac- 4 ain houndaries. If the properties of the grain boundaries are
tion pr?\ttern of a 1% Qo-_doped grain boundary vyeak link th_at is 1Othen largely determined by oxygen disorder, adding Co ap-
#m wide. A pattern similar to this is expected if two@n-wide — oq5 1o increase this disordéFhere is no reason to believe
weak links are separated by a distance of @il. Such pattems o gpatial uniformity of Co to be worse at the grain bound-
demonstrate the inhomogeneity of many grain boundary weak I'nksary, since inspection typically shows good cation crystalline

. L " . ...order of YBCO grain boundariesThe thin-film growth con-
junction inhomogeneities. The fact that we observe S'gn'f"ditions, however, also affect the film and grain-boundary

cantly more structure in the-V characteristics of grain properties, so we believe that the properties of the grain
boundaries grown at lower temperature and pressure Mmayoundary are driven by disorder.

Support this VieW, giVen that we believe that these Co-YBCO These ideas are a|so Supported by examining the tempera_
films are more inhomogeneous. The conditions for the junctyre dependence of the junctioR, values. As we have
tions to support beating mode resonances are those of suf§hown, the value oR, and its temperature dependence are
cient inductance and capacitance, such tBatLI . /®,  significantly altered with Co doping and growth conditions.
=3/2 and k= Bc<7pB, . Itis interesting that we observe an If the Josephson properties are determined by tunneling, this
[-V structure for junctions with higher, values, perhaps resistance should be independent of temperature or the prop-
indicating sufficient, values to satisfy this picture. This erties of the electrodes.
picture also implies that these junctions contain significant High-T. grain boundaries have also been conjectured to
inductance which is not usually recognized in the analysis ofontain a significant number of localized state$’ Such
wide junctions, and only becomes apparent when the jungnodels purport to explain the.R, scaling which we have
tion width is narrow. mentioned, since it is incompatible with an ideal tunnel junc-
tion picture. If, however, the number of these localized states
are decreased by adding Co, then we should move to the
tunneling picture with Co addition, which appears not to be
It is not possible to check whether the beating mode picthe caseR, remains far too low even dg quickly goes to
ture is correct, though we can offer evidence to support th@ero. Alternatively, if we imagine the number of localized
idea of inhomogeneities at the grain boundaries. We ofteftates to be increased by Co doping, then we would expect
observe nonideal(H) diffraction patterns, particularly for Rn to decrease, which it does not. A more complex picture
narrow junctions. A striking example is shown in thg(H) ~ Must govern the behavior we observe. o
diffraction pattern displayed in Fig. 9, which is taken froma We have also demonstrated how the tunneling picture
10-um-wide junction. This pattern in fact is reminiscent of a cannot cleanly explain thie V' structure we observe over the
dc SQUID, with two apparent periodicities, one being due tdarge range of junction properties that we present. A narrow
the size of the junction and the other due to two Josephsof¥nnel junction cannot support such electromagnetic reso-
contacts. This pattern can be described by two supercondudtances. We believe that the model of YBCO grain bound-

Critical current (mA)

MAGNETIC-FIELD DEPENDENCE

ing filaments of width 2um each spaced 10m apart. aries consisting of a number of superconducting connections
has merit in explaining our data. In this picture, we can
SUMMARY imagine that the effect of Co doping is to suppress the su-

perconductivity of these connections, essentially shutting off
Alook at the variety of data we have presented convincesuperconducting contacts as Co is added. This can explain
us that the transport properties of these high-angle graithe increasing inhomogeneity of the grain boundaries as the
boundaries cannot be described by assuming an ideal tunn@mount of Co is increased. A quick reduction in supercon-
barrier betweerd-wave superconducting electrodes. Sinceducting current paths is then accompanied by an increasing
the angle of all our tilt boundaries is fixed, the symmetry ofnumber of nonlinear resistive paths, which is consistent with
the wave function in the electrodes has no direct bearing othe data we have presented.
the trends we report. It is also clear that the picture of an We have shown how the Josephson properties of high-
ideal tunnel barrier between electrodes of varyingdoes angle YBCO grain boundaries change with Co doping and
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