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Weak-link structure in YBazCu307 single crystals: A microwave study
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Field-dependent microwave absorption in high-quality YBa2Cu30& single crystals shows that even

very low magnetic fields penetrate into the sample. In the temperature interval of a few degrees
below T„a broad hysteretic signal is observed. We interpret it in terms of a dense structure of
weak links, whose origin is in twin boundaries and other thin defect planes. As the temperature is

reduced, the critical currents of these junctions increase rapidly, and approach the bulk value. The
broad signal then vanishes. At low temperatures one can observe narrow discrete absorption lines

due to occasional defects of a different kind, which are thicker and, therefore, maintain a weak cou-

pling. The dense structure of weak links, active just below T„may preclude the measurements of
some intrinsic bulk superconducting properties close to T„and invalidate a straightforward com-
parison of experimental data with theoretical predictions.

I. INTRODUCTION

Measurements of the microwave properties of high-T,
oxide superconductors has fundamental physical and
technological relevance. These measurements can, in

principle, address the fundamental questions about the
energy gap, its anisotropy, and the presence or absence of
nodes in the energy gap b(k), as predicted by various
proposed pairing mechanisms. To this end, it is essential
to measure the microwave response of a homogeneous
bulk superconductor. If the sample contains many
Josephson junctions, or other weak links, they may dom-
inate in the microwave response, so that the intrinsic su-
perconductor properties cannot be determined. For ex-
ample, the frequency dependence of the microwave ab-
sorption in sintered ceramic samples of YBazCu307 was
found to be like that of an s-wave superconductor. ' How-
ever, this measurement could not be taken as conclusive,
because it was also found that the magnitude of the ab-
sorption was orders of magnitude larger than the predic-
tions of Bardeen-Cooper-Schrieff'er (BCS) theory, and had
to be attributed to the losses in intergranular Josephson
junctions. A response closer to the intrinsic property of
the superconductor, should be expected from single crys-
tals and thin films. Indeed, the microwave absorption in
single crystals and thin films was measured to be much
smaller than in ceramic samples. Interestingly, the tem-
perature dependence of the absorption deviated from the
predictions of BCS theory. However, it was also ob-
served that the level of absorption in single crystals of
YBa2Cu307 could vary considerably between the samples
of different quality. Various inhomogeneities in the sam-
ples could still produce a weak-link structure, and bring
about an increased microwave absorption. The question
is whether the absorption observed in the best available
samples is still mainly due to remaining weak links, or
one has reached the limit of a true bulk superconductor

response. This can be conveniently tested if the mi-
crowave absorption is measured as a function of an exter-
nal magnetic field. For a bulk type-II superconductor,
one does not expect a significant change in the absorption
until the lower critical field H„ is reached. Above H„, a
significant field penetration occurs, and the microwave
absorption increases rapidly. If regions of weak super-
conductivity are present in the sample, the field will

penetrate there even much below the bulk H, &. The mi-

crowave absorption is expected then to be field dependent
even at very low magnetic fields. Early measurements on
YBa2Cu307 single crystals revealed a pronounced
variation of the microwave absorption starting practical-
ly from zero field. The intensity and the form of the sig-
nals were strongly temperature dependent. Just below
the superconducting transition temperature T„one could
observe a broad signal whose intensity peaked at a few
degrees below T„and then decreased rapidly as the tem-
perature was further reduced. ' At low temperatures
one could detect a series of discrete lines. ' Both types
of signals were attributed' to Josephson junctions which
may occur in single crystals. The question remained:
how could the signals with such different shapes and tem-
perature dependences originate in the Josephson junc-
tions? The main objective of the present paper is to eluci-
date this problem. We present microwave signals ob-
served in single crystals of higher quality than those stud-
ied before. '' The analysis of the results leads us to pro-
pose a model of a temperature-dependent weak-link
structure. It occurs even in the best available single crys-
tals, and this fact may have far-reaching consequences in
various other measurements near T, .

II. EXPERIMENT

Magnetic-field-dependent microwave absorption was
detected by means of a Bruker ER 200D EPR spectrome-
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FIG. 1. Modulated microwave absorption in YBa2Cu&07 sin-

gle crystals for H~~c. Each signal is recorded in forward and re-
verse field scans.

ter operating at 9.3 GHz (X band). The sample was
placed in the center of a TE]op resonant cavity where the
microwave magnetic component is maximum. The mi-
crowave field induces currents on the surface of the sam-
ple, and we monitor the resulting absorption. The sample
could be rotated around a vertical axis, which is also the
axis of polarization of the microwave field. The static
field was in the horizontal plane. Two schemes of detec-
tion could be used. In the first, we applied a field modu-
lation and lock-in detection of the modulated microwave
absorption. Alternatively, we detected the absorption as
a function of the field without a modulation. In this case
we used repetitive field scans and accumulation of ab-
sorption signals by an external data system. The temper-
ature was controlled by a helium-flow cryostat (ESR-10
Oxford Instruments).

The single crystals of YBa2Cu307 were grown from
copper-rich eutectic melts" in zirconia crucibles. These
crystals are much less contaminated than those grown in
alumina crucibles, which were studied before. ' The
zero-field microwave measurements of crystals grown in

Zr02 crucibles showed that these crystals were of a very
good quality, so it was intriguing to examine whether
weak links were still present.

Figure 1 shows a series of signals obtained with field
modulation and lock-in detection. The microwave field
was in the ab plane, while the dc magnetic field was along
the c axis. In the absence of hysteresis, the signal trace
represents the first derivative of the microwave absorp-
tion with respect to the applied dc field. Figure 2 shows a
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FIG. 2. Microwave absorption in Yaa&Cu307 single crystals
for H~~c. The curves show transition from zero-field maximum-

to zero-field minimum-type signals.

few traces of the absorption curve taken without field

modulation and lock-in detection. As the temperature is

reduced, one observes first a signal with a maximum at
zero field. This signal increases over the temperature in-

terval of about one degree and then decreases rapidly, be-

ing replaced by a signal with a minimum at zero field.
The former signal is quite unexpected in superconducting
systems. One might speculate that this signal could be a
manifestation of superconducting fluctuations above T, .
However, when the crystal was freshly annealed in air at
450'C, this signal was not observed. We have to con-
clude that its nature is not clear at present, and we shall
not consider it in the next section where we propose a
weak-link model for the behavior below T, .

The superconducting signal with a minimum at zero
field shows a hysteresis when the modulation scheme is
used (cf. Fig. 1), but not in the directly detected absorp-
tion curve (cf. Fig. 2). This kind of hysteresis is due to
the boundary current induced in the sample when the
field is swept. ' Figure 3 shows the evolution of the
modulated absorption signal when the temperature is re-
duced. After an increase, the amplitude of the signal is
gradually reduced. It is interesting to observe the signal
traces in the forward and reverse field scans. The arrows
in Fig. 3 indicate the positions at which the field sweep is
reversed. At first, the signal recorded in the forward
direction is retraced, and then there is an exponential-like
approach to the signal level of the extended reverse field
sweep. At lower temperatures, the initial reversible sec-
tion increases, and the hysteresis vanishes together with
the disappearance of the signal. No signal was observed
at still lower temperatures.

When the crystal is rotated by 90, the dc magnetic
field penetrates into the ab plane. Figure 4 shows a series
of signals recorded at various temperatures. The peculiar
signal with a maximum at zero field, was not observed in
this orientation. In fact, as the crystal is rotated from
H))c to H~~ab, this signal decreases in amplitude. At
H)~ab, only the superconducting signal with a minimum
absorption at zero field is detected. Its amplitude also
peaks at a few degrees below T, as in the case of H ~~c, but
the hysteresis is almost absent.
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In the preceding experiments, the microwave field was
always in the ab plane. If the crystal is mounted so that
the microwave field is perpendicular to the ab plane, one
observes the signals as in Fig. 4, but with an order of
magnitude larger amplitude. This can be understood
since the crystals have a platelet form, so that the cross
section for the microwave flux is small when the mi-
crowave field is in the ab plane, and large when the mi-
crowave field is perpendicular to the ab plane. When the
temperature is further reduced, one can observe discrete
narrow lines similar to those reported earlier. ' ' ' An
important feature of these lines is the existence of a rni-

crowave power threshold above which they appear. In
the present crystals this threshold is rather high. No
lines could be detected when the incident microwave
power was below 200e pW. Figure 5 shows signals ob-
served at several high microwave power levels. The ap-
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FIG. 3. Evolution of modulated microwave absorption sig-
nals at temperatures below those in Fig. 1. The arrows indicate
the positions at which the field sweep was reversed.
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FIG. 4. Modulated microwave absorption signals in

YBa,Cu, 07 single crystals for H~iiab

FIG. 5. Discrete microwave absorption lines (first deriva-
tives) in YBa,Cu, O, single crystals for Hii~ab at 2.6 K. The at-
tenuation of the microwave power below 200 mW is indicated.
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pearance of new lines is observed as the microwave power
is increased. Once present, the lines broaden at still
higher power levels in the same fashion as reported previ-
ously, ' and then disappears below the noise. The
discrete lines observed in the present crystal do not form
long periodic sequences, which is another point of dis-
tinction from the observations in previous crystals.

III. MODEL

The observed field dependence of the microwave ab-
sorption in YBa2Cu307 single crystals indicates that even

very low fields can penetrate into the sample. This
feature cannot be explained on the basis of Abrikosov
vortices in a conventional type-II superconductor. Rath-
er, it suggests that a weak-link structure is present in the
sample. The usual idea of a single crystal as a perfect
uniform body excludes any possibility of weak links.
However, real crystals can have defect planes, inhomo-
geneities due to a contamination during crystal growth,
twin boundaries, microscopic cracks on the edges, and
other kinds of imperfections. The question is whether
such thin nonsuperconducting regions could noticeably
affect the superconducting state.

Deutscher and Muller have analyzed the case of a
superconductor-insulator-superconductor (SIS) junction.
Just below T„ the critical current of the junction is pro-
portional to the product of the gap values As, at the two
SI interfaces, i.e.,

2Rk T2eRn k& T

where R„ is the normal resistance of the junction. The
relation of 6s, to the bulk value 5 is determined by the
coherence length g, and the lattice parameter a. One can
distinguish two limiting cases:

(i) «1, A»(T)= b,(T) «A(T),( (0) g (0)

(ii) ))1, As, (T)=h(T) .
g'(0)
ag(T)

Case (i) is always realized close to T, since g( T) diverges.
The critical current of the junction is then much smaller
than the bulk critical current, i.e., the insulating barrier
perturbs the superconducting state giving rise to a weak
link in the system. One may expect that samples of clas-
sical superconductors may also have imperfections in the
form of thin nonsuperconducting barriers. However, a
weak-link behavior near T, has not been observed. The
reason can be found if one considers the temperature in-
terval of case (i)

m.b, ( T) „b,( T)
2eR„2ks T

(3)

The preceding proposed weak-link structure in single
crystals can explain the observed microwave signals. Just
below T„ the multitude of active weak links causes the
crystal to act like a granular superconductor. The simi-
larity of the signals in Figs. 3 and 4 to those in sintered
ceramic samples'" should be noted. The latter, however,
do not vanish at lower temperatures. This is not surpris-
ing because the microwave absorption in ceramic samples
is dominated by intergranular junctions which are much
thicker than the defect planes in single crystals, and re-
tain their weak-link character even at very low tempera-
tures. The microwave absorption in a granular supercon-
ductor can be treated by considering the microwave
response of a single representative junction. ' If the sam-
ple is exposed to a dc field Ho, and a microwave field

H&cosset, appropriate currents are induced on its surface.
For a junction on the surface, driven by a dc current Io
and a microwave current I,cosset, the response is deter-
mined by the equation

barrier is very thin (small R„), its critical current will be
close to the bulk value, so that no weak-link feature could
be observed. However, one may expect a different behav-
ior in high-T, superconductors because of their short
coherence lengths. In particular, for YBa2Cu307 one has

g,b(0)=34 A, and g, (0)=7 A. ' Thus, for a barrier per-
pendicular to the ab plane, the temperature interval in

Eq. (2) can be estimated with a /g, (0)= 10 ', and

T, =10 K to be (T, —T) ~ 1 K. For a barrier parallel to
the ab plane (tunneling along the c axis), one has

c/g, (0)= 1 and the temperature interval of Eq. (2) can be
much larger. Therefore, we may expect to observe a
weak-link phenomenology in high-T, single crystals, in

particular close to T, .
In order to explain the present microwave signals, we

propose the following weak-link structure of YBa2Cu307
single crystals. In a temperature interval of a few degrees
below T„ there is a multitude of active weak links in the
sample. All of the twin boundaries and other defect
planes take part in this structure. The critical current of
the junctions increases quadratically with temperature
I, ~ ( T, —T)' due to both, decrease of g( T), and increase
of the bulk gap b, ( T). Since these junctions are very thin,
their critical currents approach the bulk value, and the
weak-link manifestation vanishes. In addition, the crys-
tal may have a small number of defects of a different
kind, which have a larger R„, and preserve their weak-
link character even at lower temperatures. In that range,
the critical current still rises, but at a much slower rate
according to the relation'

Tc

g(0)
CA' d A' d+— +I,sing =Io +I

&
cosa)t,

2e dt 2eR„dt (4)

which, for classical superconductors with a /g(0) = 10
and T, =10 K, yields (T, —T)=10 K, i.e., an interval
within the transition width. Hence, the gap value at the
interface rises to the bulk value practically at T, . If the

where C is the capacitance, R„ the normal resistance, and

I, the critical current of the junction. ' In the absence of
the microwave field, the phase would adjust to an equilib-
rium value Po given by I,si PnOI oIn a complicated
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network of interconnected junctions, the phases will tend
to arrange so that the coupling energies are minimized.
Thus, each junction may have a different Io. As the dc
field is swept, there will be rearrangernents of phases, i.e.,
phase jumps at individual junctions. ' These processes
will give rise to an increased noise in the microwave sig-
nals. However, the broad feature of the signals can be ex-
plained if an averaged current Io &I, is assumed. The
nonlinear equation (4) cannot be solved analytically.
However, for small microwave currents only small oscil-
lations will be induced

(6a)

(6b)

I, cos Po
71= . . 2 (6c)

2eR n

The critical current of a Josephson junction is reduced
when a magnetic field is applied, and this will have an
effect on g and P. The critical current can have nodes at
certain values of the field. However, we have to consider
absorption in a large ensemble of junctions in the sample
which, upon averaging, yields a monotonic decrease of
the critical current with field. Thus, Eqs. (6) explain the
observed absorption minimum at zero magnetic field. At
high fields, the absorption reaches the value P„, which is
simply the loss in a normal junction.

The technique of field modulation and lock-in detec-
tion does not yield a simple derivative of Eq. (6a). If a
small modulation field HMcoscu~t is superimposed on
Ho, one can replace Io in Eq. (4) by Io+I~coscoMt, and
the solution for modulated absorption signal, lock-in
detected at co~, becomes'

SM -I,(1+g) — H~+IMsi /on
dH

(7)

The first term is the field derivative of the absorption
curve. It does not depend on the direction of the field
sweep. The second term changes sign when the sweep
direction is reversed because the induced boundary
current changes the sense of flow. This term gives a hys-
teresis in the observed signals. In ceramic samples, the
change occurs in less than 0.01 mT following the point of
sweep reversal. ' Figure 3 shows that in single crystals
for Ho~~c the transition takes place within an interval of 1

mT or larger. The initial retracing of the forward scan
shown in Fig. 3 indicates that the reversal of Io is not a
simple linear function. The hysteresis observed for H ~~ah

(cf. Fig. 4) is much smaller. Within the present model, it
could be explained as a consequence of an easier field

y(t)=y +y, (t),

so that one can obtain a linear equation in P~(t), whose
solution is straightforward. The capacitive term can usu-
ally be neglected in very small junctions, and the ab-
sorbed power becomes

penetration, or equivalently, a smaller Io which flows
partially along the c axis. Therefore, Po is smaller in this
case, and the contribution of the second term in Eq. (7) is
reduced.

Finally, one has to consider the temperature depen-
dence of the signals. When the temperature is lowered
from T„ the critical current increases rapidly, and so
does the signal given by Eq. (7). In that range, the criti-
cal current is still small, and the fields penetrate through
the whole junction length, i.e., the junction can be
classified as a small junction. ' However, as the critical
current of the junction approaches the bulk value, the
field penetration becomes restricted to the edge region
and is finally eliminated. The derivative term in Eq. (7)
then vanishes. Also, when I, becomes much larger than
Io, the phase $0 decreases to zero, and the second term in
Eq. (7) vanishes, too.

When the temperature is further reduced, only a small
number of weak links remain. It is no longer appropriate
to assume an averaged boundary current Io. In the limit
of a single junction in a superconducting loop, one can
expect a periodic opening of the junction as the field is
swept, which gives rise to a discrete set of absorption
lines. This can also happen if one of the junctions is
much weaker than the others. If, however, several junc-
tions have comparable strengths, the situation can be
more complex. The mechanisms of the microwave ab-
sorption have been treated by other authors, ' ' ' ' and
shall not be considered here. We note only that, in the
single crystals studied here, the microwave-power thresh-
old was considerably higher than in the previous stud-
ies. "" It might be that the critical currents of the

remaining weak links were relatively higher in the
present crystals.

IV. DISCUSSION

From the analysis of the field-dependent microwave ab-
sorption, we have concluded that even the highest quality
single crystals of YBa2Cu30~ have a weak-link structure.
Within a few degrees below T„ the structure is very
dense, and originates probably at twin boundaries and
other thin defect planes. At lower temperatures these
links become strong and practically indistinguishable
from the bulk material. An occasional small number of
defects of some other kind gives rise to links that remain
weak even at low temperatures.

The implications of the weak-link structure in single
crystals can be considerable. Thus, in the measurements
of the zero-field microwave surface resistance as a func-
tion of temperature, one has to take into account that
within a few degrees below T, the microwave absorption
will be dominated by the weak links. Therefore, any
comparison with the predictions of BCS, or another
theory for bulk superconductors, is not appropriate for
that temperature region. Only at temperatures below this
region one can safely compare the experimental data with
theoretical predictions. The remaining weak links are ac-
tive absorbers of microwaves only at particular values of
the applied external field. It is very unlikely that the
sample will be cooled just in the right field for the activa-
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tion of one of the weak links. Even if this happens, one
can avoid the effect of the weak link if low microwave
power levels are used so that the threshold for the link
activation is not reached.

The weak-link structure can modify other supercon-
ducting properties of single crystals. Hylton and Beas-
ley have shown recently that a sample with a weak-link
structure has an effective-field penetration depth k, ff

which can be different from the London penetration
depth A.L for the bulk material. The difference is small
when the superconducting domains are large compared
to the London penetration depth, but may become
significant for small domains. The latter case is realized
in YBazCu307 single crystals within a few degrees below

T, . In a flux penetration experiment one measures the
effective penetration depth. Since it depends on the criti-
cal current of the weak links, the temperature depen-
dence of the measured penetration depth may reflect the
temperature dependence of the junction critical current
more than that of the intrinsic penetration depth of the
material. At lower temperatures, where only a small

number of weak links may remain, the size of the
domains is larger so that the measured penetration depth
is practically equal to the intrinsic London penetration
depth.

In conclusion, single crystals of YBazCu307 have a
dense weak-link structure in the temperature interval of a
few degrees below T, . This structure may profoundly
influence some measured superconducting parameters,
such as the microwave surface resistance, the field
penetration depth, and possibly transport properties and
critical fields. Therefore, the experimental data from this
temperature range should not be straightforwardly com-
pared with the predictions of various theories of bulk
homogeneous superconductors. It seems that only at
lower temperatures one can confidently compare theory
with experiment.
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