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Temperature dependence of the critical curréptwas investigated in thin films and ceramics of
YBa,Cu;0,_ 5 (YBCO) over a temperature range 10—90 K and in magnetic fields up to 700 G. The measure-
ments were performed using superconducting rings in a persistent mode. A scanning axial Hall probe was used
to record the profile of the magnetic field across the ring, generated by the persistent current at the critical level.
The magnitude of ; was inferred from the magnitude of the persistent current’s self-field in the center of the
ring. This technique eliminated the contribution of normal currents to the measured vajuanaf allowed us
to distinguish between depairing and depinning critical currents. The results revealed the crossover between an
Ambegaokar-Baratoff-like temperature dependence of the critical current to a Ginzburg-Landau dependence.
The crossover was observed for both depairing and depinning critical curreeraxis-oriented YBCO thin
films during reduction of; from 91 down to 87 K and in a ceramic YBCO upon application of small magnetic
fields. The experimental data imply the presence of superconducting microdomains of an effective diameter of
about 30—40 A, coupled by Josephson tunnel junctions, inside the grains and in the intergrain microbridges of
YBCO, in agreement with the Clem’s model foy(T) in strongly coupled granular superconductp@&em
et al, Phys. Rev. B35, 6637(1987]. The size of these domains decreases with a decreasing oxygen content
and with an increasing applied magnetic fil80163-182606)08121-(

I. INTRODUCTION most measurements bf(T) over a temperature range 4—90
K were done on YBCO thin films and on thin-film YBCO/

It is well known that the supercurrent density in a super-YBCO junctions. Regarding the intragrain critical current,
conductor is limited by depairing and magnetic flux- the experimental data for YBCO thin films revealed three
depinning processé< In the former case, the magnitude of different dependencies of on temperature, which are char-
the critical currentdepairing critical currentis determined acterized by a “convex” curvatuf€ (characteristic of
by pair breaking and subsequent suppression of the ordétmbegaokar-Baratoff-type temperature dependgrzeua-
parameter of the superconductor. From the London theongilinear behaviof; 12 and “concave” curvaturgGinzburg-
the depairing critical current density equals the current dentandau-like dependenc®®'2-1® The data of Mannhart
sity at which the kinetic energy of the charge carriers equalgt al® showed the transition from a quasilinear temperature
the condensation energy. In the latter case, the magnitude dependence of, at zero-magnetic field to a concave tem-
the critical currentdepinning critical currentis determined perature dependence upon application of high magnetic
by magnetic flux movement and pinning forces. If the fluxfields of 0.5—-1.0 T. The crossover from quasilinear to con-
lines move in response to the Lorentz force exerted by theave temperature dependence was also seen by doak'¥$
current, a voltage is induced in the superconductor, accordipon reduction of the oxygen content. In most cases,
ing to the Maxwell equations. The superconductor can supTinkham’s modei for a flux-creep-limited .(B,T) has been
port the current if the flux lines are held in place by pinningapplied in order to explain a convex- and a quasilinear-like
forces(and also by interactions with the rest of the flux-line temperature dependence lpf. Concave behavior of.(T)
lattice). was in general interpreted as due to the presence of an intra-

The measurements of temperature dependence of the critfrain SNS weak-link structure. Regarding the intergrain
cal currentl(T) in YBCO thin films, single crystals, and critical current, the available experimental data showed a
ceramics have been carried out in order to distinguish beconvex temperature dependence pficross a grain bound-
tween different models of the supercurrent limiting mecha-ary of thin-film bicrystals of YBCO(Ref. 8 and a concave
nism. The models employed in order to explain the behaviobne across YBCO/YBCO thin-film junctions containing a
of the intragrainl.(T) were those of Tinkham(which is  YBa,(Cu,_,C0,)0;_s normal layer'’ In the former case, it
based on the Anderson-Kim flux-creep critical-state mpdelhas been suggested that the results are consistent with
and of Ginzburg and LandduThe intergrainl .(T) was in-  Likharev's modef which predicted .(T) for dirty SNSjunc-
terpreted using theories developed by Ambegaokar antons. However, the possibility that(T) can be described
Baratoff® DeGenne$, and LikhareV. Currently, there is by Ambegaokar-Baratoff's theotyor SISjunctions has not
much less experimental data figT) in YBCO over a wide been ruled out. In the latter case, it has been claimed that the
temperature range than foy(B) measured at fixed tempera- conventional proximity effect of De Genn@snodified by
ture. The reason for this are the experimental difficulié®  pair-breaking scattering, predicts the observefl). The
heating effectsin measuring high critical currents at low available data fof.(T) in YBCO single crystals are those of
temperatures on bulk samples, exhibited by standard fouGoughet al,'® who measured the transpog{ T) over a tem-
probe -V and ac-magnetic induction methods. Thereforeperature range 4—70 K on YBCO single-crystal rings using
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ac hysteresis loops, and those of Thompsbal° (in a field  standard photolithography technique was applied before
of 1 T parallel to thec axis) and Abulafiaet al,?® who mea-  etching thin-film rings of outer and inner diameters of 8.5
sured the magnetizatioh,(T) over a temperature range and 5.0 mm, respectively.
3-77 K. The results show a concave curvaturé (T). YBCO bulk ceramics were prepared by the standard
The experimental fact that both the intragrain and inter-Solid-state reaction method from high-purig9.999% com-
grain critical currents exhibit similar dependencies on tem{ounds. Calcining of YBCO was performed at 925 °C for 24
perature, and a variety of theories that have been applied & in air or oxygen, followed by single or double sintering in
interpret the same behavior b{(T), imply a lack of consen- 0Xygen at 920 °C—930 °C. For YBaW0;_JAg (2 wt %)
sus about supercurrent limiting mechanism in YBCO forCOMPposite, silver was added during a single sintering pro-
both intragrain and intergrain transport currents. cess. By varying the number of sintering processes and the
We therefore decided to investigate the temperature ddyP€ Of gas during calcining we produced ceramics of low
pendence of the critical current maxis-oriented thin films ~and high intergrain critical current density and the same in-
of YBCO characterized by various superconducting transiffagrainT. of the order of 90-91 K. Ceramic YBCO rings
tion temperatures, and in ceramic YBCO as a function ofVéré prepared in a manner described in Ref. 21. The outer
applied magnetic field. The experiments were performed us2nd inner diameters of the rings were 15-16 mm and 6 mm,
ing a nonstandard technique, which was applied earlier t5eSPectively. Two narrow constrictions were cut along diam-
study critical currents in ceramic YBCQRef. 21 and de- eter_of the 3.0—3.5 mm thick rings, forming bridges of cross-
cays of persistent currents in melt-texturedixis-oriented ~ Sectional area of 3.0-3.5 nfm
YBCO (Ref. 22. This technique is based on measurements .
(with a scanning Hall probeof the profile of the magnetic B. Critical current measurement procedure

field generated by a self-supportifiersistentcurrent flow- In order to measure the temperature dependence of the
ing in a ring. The magnitude of the maximuferitical) per-  critical current in YBCO thin films and the intergrain critical
sistent current was inferred from the magnitude of the curcurrent in YBCO ceramics over a temperature range 10—90
rent's self-magnetic field measured at the ring’s center. Th&, we used an unconventional technique, which has been
method allowed us to eliminate unwanted contributions ofdeveloped to investigate intergrain junctions and flux pinning
normal currents to the measured temperature dependenceiafYBCO ceramics(Ref. 21). The magnitude of the critical
the critical currents and to distinguish between depairing andurrent was inferred from the magnitude of the axial compo-
depinning critical currents. The results revealed the crossovefent of the magnetic field generated by the maximum self-
from Ambegaokar-Baratoff-like AB) to Ginzburg-Landau supporting supercurrent circulating in a ring-shaped sample.
(GL) temperature dependence loffor both intragrain and  The persistent current was induced in the ring by applying
intergrain currents. The experimental data were interpretegéind subsequently switching off the external magnetic field
using Clem's theory’ of the Ambegaokar-Baratoff to generated by a solenoid along the axis of the Kiagxis).
Ginzburg-Landau crossover effectsi(T) of granular con-  The profile of the current’s self-magnetic field was recorded
ventional superconductors, and Kresin's thébof gapless-  with a scanning Hall probe at a constant distance from the
ness in high-temperature superconductors. sample. Figure () shows the profiles of the magnetic field
due to persistent currents of various magnitudes, flowing in a
zero-field-cooled YBCO thin-film ring. The profiles have a
Il. EXPERIMENTAL PROCEDURE very symmetrical bell-like shape. It should be pointed out
here that the axial component of the persistent current’s self-
field has a single maximum in the ring’'s center, whereas a
Two types of YBCO materials were used in these studiesfield due to magnetic vortices trapped in the ring's bulk ex-
oriented epitaxial thin filmg~100-300 nm thickand bulk  hibits a profile with two maxima above the ring’s bulk and a
ceramics [YBCO and YBCOJ/Ag (2 wt%) compositg.  minimum in the ring's center. It is, therefore, possible to
YBCO thin films were deposited oril00) SrTiO; and  distinguish the field produced by trapped vortices from that
LaAlO5; (1010 mm substrates by two methods: off-axis rf due to a circulating persistent current. The experiments were
magnetron sputtering and laser ablation from stoichiometriclesigned to minimize contribution of trapped vortices to the
YBa,Cu0;_ targets of 99.999% purity. The magnetron self-field of the persistent current. Persistent currents were
sputtering was performed using 50-W rf power at a totalgenerated in the ring, starting at low applied magnetic fields
pressure of 100—-120 mTorr in 1:1, 1.5:1, and 5:1 oxygen{Fig. 1(@]. This allowed us to detect any changes in the
argon mixtures. The substrate temperatures were kept beymmetric bell-shaped profile of the current's self-field
tween 650 °C and 730 °C for LaAl0and between 700 °C caused by the trapped vortices. The experimental data for
and 800 °C for SrTiQ. The deposition temperatures corre- YBCO thin-film rings show that the symmetric profile is
spond to those which are required to achieve less than 20%reserved for persistent currents of magnitude up to the satu-
of a-axis growth(alignmenj in the c-axis-oriented YBCO ration (critical) value. For YBCO ceramic rings trapping of
films according to studies done by Jeschéteal?® Laser- intergrain vortices was minimized by using a special geom-
ablated YBCO thin films were deposited at 800 °C and 300<try, i.e., by cutting two notches along the ring’s diameter
mTorr oxygen pressure. Our measurements-aiis align-  (Ref. 21). The magnitude of the critical current was inferred
ment versusc-axis alignment using x-ray diffractometry from the maximum magnitude of the current’'s self-field at
indicated the presence of less than 5%aeixis alignmentin the ring’s center using the Biot-Savart equation. Figuit® 1
most thin films.T; of the obtainedc-axis-oriented, twinned presents the magnitude of the current’s self-field, measured
thin films was kept within a range between 83 and 91 K. Ain the center of the zero-field-coolédFC) YBCO thin-film

A. Sample preparation
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FIG. 1. (a) The profiles of the axial component of the magnetic self-field generated by per¢sstgupporting currents in zero-field-
cooled YBCO thin-film ring at 10 K. Persistent currents of various magnitudes were induced by applying and subsequently switching off an
external magnetic field. The critical persistent current is reached when the current’s self-field saturates. The field was measured with a
scanning axial Hall probe at a distance of 2 mm from the surface of the film. Distarn€@%, —4.25 mm and+2.5, —2.5 mm mark the
outer and inner edges of the ring, respectivelgh) Dependence of the persistent current’s self-field measured at the ring’s center on the
applied magnetic field at 10 and 20 K. The saturation value of the self-field is proportional to the magnitude of the critical current at a given
temperature.

ring, as a function of applied magnetic field. The saturationof the critical current . but also the time decay of the current
value of the field is proportional to the critical current at zeroat various temperatures and magnetic fields. The measure-
field and at a given temperature. The measurement of thment ofl. using the self-supporting supercurrent allowed us
temperature dependence of the critical current in a magnetio prevent adding normal currengshich may flow through
field was performed by using a field-cooling procedure at garts of the sample of very low resistant¢e the measured
given magnetic fieldd, (applied along the ring’s axislown  value ofl.. Contribution of normal currents tiq especially

to the temperature of the measurement. At this temperatureose toT. cannot be avoided in standard methods such as
the profile of the axial component of the Meissner fieldl-V four-probe and ac-induction techniques. On the other
(which represents expulsion of magnetic flux out of the ringhand, contactless detectionlgfallowed elimination of heat-

in the presence of external magnetic fielg) was measured ing effects which are frequently encountered by standard
with a scanning Hall probe. An additional external magneticmethods at low temperatures in the presence of large cur-
field AH was then applied and subsequently reduced to zergents. These experimental conditions ensured reliable mea-
in order to induce a circulating persistent currentHs. surement of the temperature dependenck, oBy recording
Similarly to the zero-field-cooling case, the current’s critical the time decay of the persistent current’s self-field from its
value was reached by applying a hightH. The critical critical level, we were able to distinguish between a depin-
current atH is proportional to the current’s self-field in the ning critical curren{decay observedand a depairing critical
ring’s center, which equals the difference between the fieldurrent(no decay. Such a possibility has not been provided
seen by the Hall probe and the corresponding Meissner fieldy any other critical current measurement method to date.
(see Ref. 21 for details of this procedur&he experimental
setup used in these studies was equipped with a Hall probe
(of sensitive area 0.4 nfrand =2 mG in sensitivity which

was scannedover a scanning distance of 27 madong the We measured the temperature dependence of the critical
ring’s diameter at a constant height of 2 mm above the ringcurrent(over a 10—90 K rangein about 20c-axis-oriented
The probe measured the axial component of the magnetiBCO thin films (manufactured in various laboratorjeend

field (parallel to the ring’s axis An external magnetic field in a few YBCO ceramic samples. The experimental data for
of up to a maximum of 750 G was generated along the ring’selected YBCO thin films, which exhibit the most typical
axis by a nonsuperconducting solenoid. The sample temperéemperature dependencel@f are presented in Fig. 2. Criti-
ture was controlled over a range 10-90 K with GaAlAs di-cal currents in each sample were normalized to their values
ode and Pt resistance thermometers, and an inductionleas 10 K. Thin film of the highesT . of 90-91 K is charac-
heater. The system was able to record not only the magnituderized by Ambegaokar-Baratoff-likgAB) convex tempera-

Ill. EXPERIMENTAL RESULTS
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FIG. 2. Temperature dependence of the critical current in
c-axis-oriented YBCO thin films withT, over a range 52—-90 K. . . . . . . .
The critical c_u_rrent is normalized to its value at _10 K. The results 1.0F e Thin film YBCO §7
show a transition from an Ambegaokar-Baratoff-lieB) tempera- e . FC( )
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ture dependence to a Glnzburg-LanQau-I(KH_) one upon re.duc- o 0.8 . v FC (7006)]
tion of T.. The AB—GL crossover is also seen in the film of S *,
T.=90 K at a temperature of about 80—82K. is a temperature at 06T e ]
which the level of the critical persistent current is less than about 5 ;\\ - '
mA (which corresponds to the noise level of a Hall probEhe e 041 . p
critical current level at 10 K was within the range 2—45 A for (b) .
various samples. 0-2 ¢ ¢, 1
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ture dependence below approximately 82with a plateau 0 70 20 30 40 50 60 70 80 90 700

between 10 and 20 K and a linear regime between 55 and 80
K) and Ginzburg-Landau-likéGL) concave temperature de-

pe?d?r?cef.labov‘?fo Kd db v 2°—4 . 86-88 measured irc-axis-oriented YBCO thin films in magnetic fields up
n thin films of T, reduced by only 2°~4(i.e., in & 86— to 700 G. (a) Thin film of T,=90 K which is characterized in the

K range, the Ambegaokar-Baratoff tp Ginzburg-Landau ZFC case by the Ambegaokar-Baratoff-likgT) below 80-82 K
(AB—GL) Cross_over tem_perature shifts dpwn to abOUtand by the Ginzburg-Landau-like(T) above this temperature. A
60-70 K extending the Ginzburg-Landau tail down to low yagnetic field of 700 G removes the low temperature plateau of
temperatures by about 10°~20°. In this case the temperatufe Ty and reduces the ABGL crossover temperature (b) Thin
dependence df; below the crossover temperature exhibits afim of T.~83 K characterized by the Ginzburg-Landau-like
quasilinear behavior for most samples. The crossover temT—T )32 temperature dependence Ip{T). A magnetic field of
perature decreases down to about 40 K in thin films 0f700 G does not have any effect on the shapé,6F).

T.=84-85 K. Ginzburg-Landau-like temperature depen-

dence (I'—TC)3’2 over a full (10-90 K temperature range value was detected by the Hall probe in both films, suggest-
was observed in most thin films G, below approximately ing a depairing nature of the critical current. A 10-20 K
84 K. The exponentx in the Ginzburg-Landau expression plateau inl;(T), which is visible in the first filn{Fig. 3@)],
(T—Ty)* was determined to be 1.1, which was based disappears after application of a magnetic field of 700 G.
on the measurements of(T) in all thin films. AB—GL  This suggests a magnetic-field-induced decrease of the
crossover effects were found to be independent of the magAB—GL crossover temperature. However, the Ginzburg-
nitude of the critical current density and depairing or depin-Landau-like temperature dependence gfwhich character-
ning character of the critical current. The magnitude of theizes the second film, is little affected by this magnetic field
“apparent” critical current density at 10 Kdefined as the [Fig. 3(b)]. The experiment implies that a magnetic field
ratio of the critical current to the ring’s cross-sectional area much higher than 750 Gwhich was the maximum field

in various films was within a range>8L0°—~10' A/lcm? for  available in the experimental sefujs required in order to
depinning critical currents. An “apparent” critical current change the temperature dependence of the critical current in
density of 5-6<10° A/cm? at 10 K for thin films which do  c-axis-oriented thin film from an Ambegaokar-Baratoff to a
not exhibit any decay of the current from its critical value, is Ginzburg-Landau-like one. We therefore decided to test the
within the lower range of the “apparent” depinning critical effect of a magnetic field on intergrain critical currents in
current density. This is because depairing critical currenty BCO ceramic samples. Previous studies of intergrain criti-
may flow through narrow filaments in the sample. cal currents over a temperature range of 65—9(RKf. 2]

We investigated the influence of external magnetic fieldrevealed that small magnetic fields up to 30 G cause suppres-
up to 700 G on the temperature dependence of the criticalion of the critical current’s magnitude and changes in the
current in two thin films, one with the Ambegaokar-Baratoff- Ambegaokar-Baratoff character bf(T) curve measured at
like temperature dependence Igfand the other with a pre- zero magnetic field. Extension of these studies to a 10—90 K
dominant Ginzburg-Landau-like behavior. These results areemperature range allowed us to produce the results shown in
plotted in Fig. 3. No decay of the current from its critical Fig. 4. Two YBCO ceramic rings characterized by depairing

Temperature (K)

FIG. 3. Temperature dependence of the depairing critical current
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FIG. 5. Temperature dependence of the intergrain critical cur-
rent in a granular YBCO/Ad2 wt %) composite. In the ZFC case,
: . . : . : : I.(T) reveals an Ambegaokar-Baratoff-like behavior below 80 K,
o ., Granular YBCO #2 and a DeGennes-type behavior above 80 K Witfir) o (T—T)2
Tt : ch(fooc) shown in the inset. The applied magnetic field causes almost com-
- o8r SR plete transformation off.(T) into a Ginzburg-Landau-like one.
i .
S .
T o6l . ] L . .
§° 0 v . external magnetic fieldFig. 8). These features are indepen-
£ ol d ] dent of the type of transport critical currefdepairing or
e . °. depinning and the magnitude of the critical current density
0.2 (b) T . b (for the depinning critical curreitsuggesting that the type
: .. of flux-pinning defect does not affect the temperature depen-
0.0 ' : —— — Luas i St dence of the critical current. The shift of the ABGL cross-
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over temperature down to lower temperatures with decreas-

ing T, [Figs. 2 and @)] implies its dependence on oxygen
deficiencys. According to Jorgenseet al,?® YBa,Cu;O,_ 5

‘of T,=80 K is characterized by oxygen deficiengy0.20—
0.25. This means that fa¥=0.20-0.25, the temperature de-
pendence ol ;. is mostly that of the Ginzburg-Landau-like
(T—T.)¥2 Additional support of this statement is provided
eby the data of Jone=t al,'? who studied the effect of oxygen
deficiency on the transport properties ofaxis-oriented
o ) . . YBCO thin films. The temperature dependence oih their
and depinning intergrain critical currents were used in the,qgy film(with 6=0.1) is quasilinear at low temperatures and
studies. In both of them,(T) curves indicate a gradual d_e- a concave close 1, [Fig. 3@ in Ref. 17. This temperature
crease of the AB-GL crossover temperature with an in- genendence corresponds to an intermediate $ige?) of
creasing apphed magnetic flelq. The_ crossover to Ginzburgee transition from AB- to GL-type behavior of(T). Jones
Landau behaviour was also investigated in YBCO/B) ¢t 41 removed oxygen from YBCO by sequential isobaric
wt %) ceramic composite containing intergranular S'Iver'annealings at 550 °C under reduced partial pressure, 0AO
The temperature dependence of the intergrain critical C””e@hange ofs from 0.1 to 0.2 leads to Ginzburg-Landau-like

in this composite under zero-field-cooling conditidf$g. 5  temperature dependence lof. Our analysis of their data at
manifests Ambegaokar-Baratoff-like behavior below 80 K 5_0 2 revealed that, is proportional to T—T)® with

and DeGenne€SN Sjunctions behavior above this tempera- ,—1 4_1.5. A decrease in the ABGL crossover tempera-
ture. The temperature dependencel ofin the DeGennes e can also be stimulated by applying external magnetic
regimé is (T—T;)" with a=2.0+0.1 (see the inset in Fig. field. However, a magnetic field of 700 G, which we used in
5). An external magnetic field of 100 G is sufficient to causeine experiments on thin filmgFig. 3a)], did not produce a
almost complete conversion to a Ginzburg-Landau-like €tomplete transformation ofl «(T) from Ambegaokar-
.gime., and to screen contributions due to both SIS and SNg g, atoff to Ginzburg-Landau behavior. We have to refer,
junctions. therefore, to an early work of Mannhaet al® on c-axis-
oriented thin films. The measurement of magnetic field de-
pendence of ((T) was performed on a thin film for which
the zero fieldl /(T) exhibits a quasilinear behavior at low
temperature and a pronounced concave tail closk. td-ig.
presence of both Ambegaokar-Baratoff-likeAB) and 3 in Ref. §. A magnetic field of the order of 0.5-1.1 T
Ginzburg-Landau-likéGL) temperature dependences of thetransforms the temperature dependence observed by
critical current inc-axis-oriented thin films and in randomly Mannhartet al. into a Ginzburg-Landau-liké.(T). Our cal-
oriented granular ceramid&igs. 6—8. The crossover from culations based on their data revealed that(T—T.)“ with

the AB to GL temperature dependencel pfcan be induced «=1.5-0.1. When the temperature dependence of the criti-
by either reduction inT. [Fig. 6b)] or by increasing the cal current at zero magnetic field is already of a Ginzburg-

FIG. 4. Temperature dependence of the intergrain critical cur
rent measured in a granulezerami¢ YBCO in magnetic fields up
to 100 G for depairing critical current®) and depinning critical
currents (b). In both cases, a gradual transition from an
Ambegaokar-Baratoff- to a Ginzburg-Landau-like behavior can b
seen.

IV. DISCUSSION

The experimental results for pure YE2u,0,_ s show the
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FIG. 6. (&) Comparison of the experimental data #Q(T) in FIG. 7. Dependence df .(T)/1.(10 K)]?® on temperature plot-

c-axis-oriented YBCO thin film no. 1 witf;=90 K (solid sym-  ted for the experimental results obtained for YBCO thin films no. 1
bolg with the calculated ones from the Ambegaokar-Baratoff gngd no. 7 in magnetic fields of 275 and 700 (Big. 3. (a
theory for Josephson tunnel junctiofRef. 5, which are repre-  \agnetic-field-induced expansion of the Ginzburg-Landau portion
sented by the curva-B, and from the Clem’s modéRef. 23 of  of | (T) can be seen in zero-field-cooled YBCO thin film no. 1. For
Ambegaokar-Baratoff to Ginzburg-Landau crossover effects inhe zFC case, the form of (T) agrees with Clem’s model
granular weakly couplede,=0.1) and strongly couplede;=100  (¢,=100. (b) The data reveal that the magnetic field does not
superconductors. The best fit to the experimental data was obtainegfect the Ginzburg-Landau temperature dependenctg(d) mea-

for the case of ((T) in strongly coupled granular superconductors syred in zero-field-cooled YBCO thin film no. 7. Note that discrep-
(Clem, =100 with a temperature of the crossover from the ancy between the experimental data and the Ginzburg-Landau solid
Ambegaokar-Baratoff behavior at low temperatures to thejines very close tof, is caused by the experimental difficulty in

Ginzburg-Landau behavior at high temperatures, at 80-82(K.  measuring the self-fields of very small persistent currents in the
Temperature dependence of the critical current-axis-oriented  presence of much larger external magnetic fields.

YBCO thin films plotted for the results shown in Fig. 2 as
213 ; ; ;
[1:(T)/1:(10 K)]** vs temperature. This allowed us to identify the crossover effects are a characteristic property of a

Ginzburg-Landau portions ¢§(T) (solid lineg. All the experimen- B ;
. a,Cu,0;_5 superconductor, independent of a crystallo-
tal results are enclosed by two curves: by the Ambegaokar-Baratographic direction of the supercurrent's flow. On the other

(AB) 1(T) or by Clem's form oflo(T) (AB—GL with &=100 on hand, similarities inl;(T) for both ceramic and thin films

the highT, side and by the Ginzburg-Landad £ T.)%? form of ; ; . . )
1.(T) on tche lowT sige. A gradual gexpansio:ofC)the Ginzburg- suggest that the intergrain connectldmfegk Imks) n ce-_
Landau (I'—TC):"’2 tail to low temperatures can be seen upon reduc-r":,“‘m,C YB(,:Q have th? form of narrow microbridges of in-
tion of T, . trinsic gramhke materlgl. .
An essential question that has to be answered here is
Landau-like type, an external magnetic field does not changéwhat is the physical reason for the observed ABL
it. This can be seen in Figs(l§ and 7b) for magnetic fields crossover in the temperature dependence of the critical cur-
up to 700 G and in Fig. 6 of Ref. 14 for magnetic fields up torent?” Clemet al?® stated that the Ambegaokar-Baratoff to
12 T. In both cases the direction of magnetic field was perGinzburg-Landau crossover effects can be observed in con-
pendicular to the surface efaxis-oriented thin films. ventional granular superconductors. The crossover from the
A magnetic field as low as 30 G is able to convert theAmbegaokar-Baratoff to the Ginzburg-Landau form dfT)
Ambegaokar-Baratoff temperature dependence of the inteeccurs when the Josephson-coupling energy of an intergrain
grain (weak-link critical current to the Ginzburg-Landau- junction is approximately equal to the superconducting con-
like one. The results of systematic measurements oflensation energy of a grain. For YBCO thin-film and ce-
AB—GL crossover in YBCO granular superconductors, prefamic samples a gradual expansion of the Ginzburg-Landau
sented in Figs. 4 and 8, are identical to those obtained fotail (T—T.)¥2in 1(T) to low temperatures is observed upon
c-axis-oriented thin films. This implies that the ABGL  reduction of T, or in an increasing applied magnetic field
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ok — GCranular YBCO #1 ing the relationship-lcz(T)=<I>0/277§2(T). &, Varies from
' s 26%100) about 10 A for a temperature range 8—30 K up to about 20 A
e osf ; Ee f‘;"g%) at 80 K and 30—40 A at 83—84 K. Therefore, the maximum
S size of superconducting domains in samples with an opti-
Qo6f mum doping(T,=91 K) and at zero magnetic field should
N vary between 30 and 40 A. Oxygen deficiency and external
8 04r magnetic field cause a decrease of size of these domains and
=7 (a) =100 a subsequent reduction of the ABGL crossover tempera-
0.2 ture. In general, at low temperaturegT) is governed by
0.0 , interdomain Josephson tunnel junction®smbegaokar-
o 10 100 Baratoff form). At higher temperaturek,(T) is affected by
Temperature (K) the ability of the supercurrent to suppress the gap parameter
(Ginzburg-Landau formwhen the coherence length is equal
or larger than the size of superconducting domains.
N Gramulay VBCO 12 Clem et alz calculated the dimensionless parametgr
s B voe) which is prop_ortlor_1al to the ratio of the Jo;ephson couplmg
© gl energy of a junction to the superconducting condensation
= energy of a grain, both energies being evaluated at zero tem-
§ o6l perature. For a weakly Josephson-coupled regigel and
o the temperature dependence of the critical current is that of
E 04l the Ambegaokar-Baratoff form. For largey, approximately
e over a range 1-100, the Ambegaokar-Baratoff temperature
o2f  (b) dependence holds only at low temperatures, this behavior
giving way to the Ginzburg-Landaur TC)3’2 temperature
0.0 st dependence above the crossover temperature. In the strongly

Temperature (K)

Josephson-coupled regimg is very large, and current-

induced gap suppression is dominant at all temperatures. In
FIG. 8.[1.(T)/1.(10 K)]?® vs temperature plotted for the case of this case, the critical current does not obey the Ambegaokar-
I.(T) measured in a granular YBC@ig. 4). A transition from the ~ Baratoff behavior at any temperature. Instead the tempera-
Ambegaokar-Baratoff form of ,(T) (dotted and dashed lineso  ture dependence is governed by Ginzburg-Landau-like be-
the Ginzburg-Landau ongolid lines is observed for both depair- havior at all temperatures. The coupling paramedgris
ing (@ and depinning(b) critical currents upon application of an given by the following formula:
increasing external magnetic field. Note that deviation of the experi-
mental points from the solid lines very close Tq is a result of
experimental difficulties in measuring self-fields of very small per-
sistent currents in the presence of much larger external magnetic
fields. where y is the Sommerfeld constang, is the normal-state
tunneling resistivity of a junction anal, is the effective grain
(Figs. 6—8. The Ambegaokar-Baratoff-like dependence of diameter.
I(T) seems to be a characteristic property of YBCO Reported values ofy for YBCO vary between 16
samples ofT . above approximately 88 K and in the absencemj/mol IZ and 35 mJ/mol K (0.16—0.35 mJ/crhk?).28:2°
of an external magnetic field. The results presented in Figsye take the average=0.26 mJ/cmK? anday,=40 A in
6—8 imply, therefore, an AB-GL crossover inl (T) of  yBCO with T,=91 K. In order to calculate,,p, of an in-
YBCO and a continuous decrease of the crossover temperginsic Josephson tunnel junction is needed. Such informa-
ture if the oxygen deficiency or the applied magnetic field tion was provided by current-voltage characteristics at 72 K
are increased. ACCOfding to Clest a|.23 at the AB—GL of a 1_Mm_wide Dayem microbridge patterned in a YBCO
crossover temperature I(T) of granular superconductors, thin film (Ref. 11). The microbridge was twin-boundary free
the Ginzburg-Landau coherence length is of the order of thgnd had Josephson-like properties. A normal resistivity of
grain size. The observation of ABGL crossover effects in the bndge was approximate|y O[H) cm. We obtaimozgz
YBCO, in combination with the short coherence length infor YBCO with T.=91 K. For oxygen-deficient YBCO with
this compound, indicate therefore the presence of granularity=0.20—0.25, andr,=80 K, the AB—»GL crossover tem-
(superco_nducting microdomains coupled by @s_ephso_n tUterature drops down to 10—20 K implying theg=£=10 A.
nel ]UnCUOnS on the level of a few nm. In thin films with In this case YBCO is in a very Strong_coup“ng regime with
highestT =90-91 K, the AB~GL crossover temperature is ¢ ~1650. The calculations of,(T) for various coupling
around 80-82 K. This means that the size of superconducgtrengths, performed by Clegt al® indicate the absence of
ing domains that exist in these films is equal to a COherean |Ow-temperature p|ateau in the Ambegaokar-Baratoff part
length at 80—82 K. Temperature dependence of upper criticajf | (T) for ;=1. This is clearly seen in the temperature
field H, in YBCO thin films in magnetic fieldéupto 500 T dependence of the critical current in the best YBCO samples.
perpendicular to the axis, was recently measured by Goet- Some evidence of ordered superstructures and phase sepa-
teeet al?’ These results allowed us to make a rough estimaration in YBaCu,O,_5 on a scale of a few nm has been
tion of the coherence lengtf),, at various temperatures us- provided by electron- and neutron-diffraction studies. Phase

2.93 kg
€0=2.93—5,
0 ez'chPna(z)

@
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separation is more evident for oxygen-deficient samples witlpress superconductivity through pair-breaking interactions.
5<0.3 (Refs. 30—3% However, studies by Beyemt al®®  Oxygen deficiency leads to appearance of Tmagnetic
have indicated that 90 Rx(5) plateau may correspond to moments on Cu@plane$® and CuO chain’ as shown by
two-phase regions. The presence of intragrain granularity imuclear-spin relaxation data. Pair breaking in conventional
single crystal of YBCO has been suggested by Daeumlinguperconductors caused by magnetic impurities and by exter-
et al®* and Osofskyet al*®® The granular behavior was at- nal magnetic field has been analyzed by Mékind Skalski
tributed to clusters of oxygen defects, causing a separation & @~ These external perturbations break the time-reversal

regions of oxygen-rich material by boundaries of oxygen-Symmetry of the electron system and lead to gapless super-

poor material. Recent scanning tunnelling spectroscopy me&2nductivity. The gapless situation can also be induced by a

surements of YBCO single crystaféwhich show a spatially ?;f::éf;rt mechanism: the spatial variation of the order pa-

varying ener ap over a few nm distances, may also indi- : o
ying 9y 9ap y In Kresin’'s modet* of gaplessness in high-temperature

cate the presence of microdomains in YBCO. Recent mea- . X
surements of the dynamic resistance of YBCO singlesuperconductors, YBCO contains two subsystems, i.e.,CuO

crystalé” suggest the presence of intra- and inter—unit—cellplanes and CuO chains. The planes are intrinsically super-

Josephson junctions. Electromigration experiments in YBCdondUCt'ng’ whereas the superconducting state in the chains

o N ; Is induced by charge transfer via an intrinsic proximity ef-
thin films by Moecklyet al2 indicated that regions of strong fect. Ma net?i: i ugritie$Cu2+ madnetic momer?lsact Iik)e/:
oxygen disorder result in a network of superconducting fila- =~ 9 P 9

ments within the bulk film. Superconductivity across a gramfhai;br?akers and suprzre?s the igdéjgessgg on tlhe <(:jhains S0
boundary arises from an overlap of these filaméht€ The at at an oxygen content around ©. IS already gap-

same temperature dependence of the critical current in fiIm?ss' The gaplessness can be extended without a noticeable

L e ; hift in T...
and ceramicgFigs. 2 and #implies that intergranular trans- S c . .
port in ceramics is limited by microbridges whose internal We believe that the oxygen vacancies and the associated

v ; o
structure is similar to that of the grain itself, i.e., consistingCuz magnetic moments already produce spatial inhomoge-

of superconducting domains separated by Josephson tun ities (domains on the scale of a lattice parampeter

- : ; oo CO of oxygen content of 6.95. These inhomogeneities
junctions. If the size of these domains is less that the coher- o i A
ence length, the supercurrent will not “see” the junctionsWOUId be similar to those suggested by Philtitand Phillips

and the temperature dependence of the intergrain critical cuP—t al: A.n' external magnetic f'.eld easily penetrate; the mhq-
rent changes from Ambegaokar-Baratoff type to Ginzburg-mogene't'e.S and re_duc_e the SIiz€ of superconducting domains
through pair-breaking interactions.

Landau one.
We performed additional verification of this process by
introducing different kinds of Josephson junctions into the V. CONCLUSIONS
microbridges. Temperature dependence of the intergrain
critical current of zero-field-cooled YBCO/A@ wt %) ce- We investigated the temperature dependence of the criti-

ramic composité€Fig. 5) indicates that the intergrain current cal current in thin film and ceramic YBCO. The crossover
is controlled by Josephson SIS tunnel junctigreharacter- from Ambegaokar-Baratoff to Ginzburg-Landau temperature
ized by the Ambegaokar-Baratoff form bf(T)]up to 80 K,  dependence of . was observed, in agreement with the
and by Josephson SNS proximity junctiongwith Clem’s modet® of I (T) in strongly coupled granular super-
1.(T)=(T—T,)?] above 80 K. This could happen if oxygen- conductors. All the experimenta}(T) data are enclosed by
depleted superconducting layé$ T,=80 K) cross the mi- two theoretical curves: the Ambegaokar-Baratoff curve on
crobridges. Increasing the applied magnetic field seems tthe highT. side and the Ginzburg-Landau one at Idwy.
introduce disordefreduce the size of superconducting do- The crossover effects are observed for both intragrain, inter-
maing in the same manner as increasing oxygen deficiencgrain, depairing, and depinning critical currents. The tem-
does. Figure 5 shows that an almost complete transformatigperature dependence of the critical current and the-AR_
of the intergrainl ;(T) into Ginzburg-Landau form occurs in crossover are independent of the type of flux-pinning defect
a magnetic field of 100 G. This suggests that in the case daind the crystallographic direction of the supercurrent’s flow.
superconducting domains coupled by SNS proximity junc-On the basis of the Clem’s model, the ABSL crossover
tions, the crossover from DeGennes-likE(T.)? tempera- implies the presence of superconducting microdomains of
ture dependence of to Ginzburg-Landau-like one may also 30-40 A in size, coupled by Josephson tunnel junctions in
be observed. A microbridge-type model was proposed verghe best YBCO sample®f T,=90-91 K determined from
early by Larbalestieet al*° in order to explain the field- the conditionl.=0; no self-supporting current &t,). The
independent residual intergrain critical current in ceramicsize of these microdomains decreases with increasing oxygen
high temperature superconductors. Halbrfttestated that deficiency and with increasing applied magnetic field. We
these conclusions may be valid not only for intergrain weakbelieve that the oxygen vacancies, the associatéd Giag-
links but also for intragrain ones which are formed by twin netic moments, and the external magnetic figlsl a second-
boundaries. Moecklgt al3® suggested that rf Josephson dataary effec} could break up YBCO into small microdomains
and nonideal -V characteristics of most tilt boundary weak through pair-breaking interactions. Intrinsic spatial inhomo-
links favor microbridge limited transport. geneities are responsible for nodal gap regions ispace
Interpreting critical current,(T) data requires discussion according to Phillipg® It should be pointed out here that the
of the microscopic mechanism by which the microdomainpresence of Ginzburg-Landau regimel {dT) could suggest
size is being reduced. Both oxygen depletion and externadpatial homogeneity, since in this case the supercurrent does
magnetic field penetrating through insulating layers can suprot “see” intrinsic junctions and other intrinsic defects. This
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is especially important for research on YBCO single crystalsweak magnetic fields. For the zero-field-cooling case, the
The measurement ¢§(T) in zero-field-cooled YBCO single low temperature part of the,(T) in pure YBCO ceramics
crystals of T;=91-92 K by either the transport or magneti- and thin films is governed by an Ambegaokar-Baratoff re-
zation method¢Refs. 18, 2Dshows a Ginzburg-Landau-like gime, characteristic of SIS tunnel junctio®N Snormal me-
behavior ofl (T) with 1,(T) =0 between 70 and 77 K. This tallic junctions appear only in YBCO/Ag composites. There-
confirms that these single crystals are well oxygenated Ofyre, this implies that superconducting microdomains are

their surface and pOOI’ly OXygenated in the bulk, and thaboupled by tunnel junctions and not by proxim(ﬂyormab
I.(T)=0 above 70-77 K is not necessarily caused by th§unctions.

magnetic flux lattice melting.

Another important conclusion, that should be addressed
here, concerns superconducting YBCO ceramics. YBCO ce-
ramics were considered dirty or ill-defined by *single-
crystal” researchers. The temperature dependence of the in- We are grateful to J. Z. Sun of IBM T. J. Watson Re-
tergrain critical current illustrates that intergrain connectionssearch Center and J. Talvacchio of Westinghouse STC for
in YBCO ceramics have a form of clean microbridges  supplying us with YBCO thin films. We are pleased to ac-
thin wirelike bridge$ with microdomain structure the same knowledge useful discussions with R. Markiewicz, V. Z.
as that of the grain. These microbridges can be easily perikresin, and G. Crabtree. This work was supported by a grant
etrated by an external magnetic field. Therefore, thdrom the Natural Sciences and Engineering Council of
AB—GL crossover in the intergrain(T) can be induced by CanadaNSERQ.
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