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Flux quantization in weak links in melt-textured bulk YBa2Cu30&
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We have studied Aux quantization in weak links of a-b- and a(b)-c-plane-oriented, melt-textured
YBazCu307 „using a modulated-field microwave-absorption method. First derivative of the microwave
absorption versus dc magnetic field was measured in a TE&oz cavity at 9.5 CsHz. We observed several
series of well-resolved equally spaced absorption lines in the externally applied dc magnetic field with
separation ranging from 6 pT to 2.3 mT. By analyzing the dependence of these series on microwave
power, temperature, and orientation of the sample versus dc magnetic field we have identified the types
and locations of Josephson-junction weak links in the samples. One of the series was found to be related
to the microwave absorption in a strongly coupled superconductor —normal-metal —superconductor type
of junction located in intragrain plane defects (complex twin boundaries). For this junction, the critical
current I, dependence on magnetic field B as well as lower critical field B,» were determined. For the
location of the inter- and intragrain plane defects we have found C2 and C4 symmetry, respectively. A
physical model of microwave absorption in nonuniform Josephson junctions is presented and sample mi-
crostructure is correlated with the measurement results.

I. INTRODUCTION

The understanding of microwave absorption in high-T,
superconductors is far from complete, in spite of an in-
creasing number of papers on microwave properties of
high-T, superconductors (HTS's). Though there
are many intensive studies of grain boundaries in
YBa3Cu307 (YBCO), several problems crucial to the
understanding of transport properties remain unsolved.
One of the most important questions refers to the type of
junctions present in the material and their location,
which is especially important for tape and wire applica-
tions. Microwave experiments can be, in general, divided
into two types: (a) measurements of the effective surface
impedance of a superconductor with an without dc mag-
netic field using microwave resonators, ' and (b) mea-
surements of microwave absorption versus dc magnetic
field using magnetic-field modulation for high sensitivity.
In the latter case commercial electron spin resonance
(ESR) spectrometers ' are often used. ESR spectrometers
are typically designed to measure very small changes in
the microwave absorption during a slow scan of the dc
magnetic field for investigation of electron-spin-resonance
phenomena. To enhance the signal-to-noise ratio, a
phase-sensitive detection system is used which requires
implementation of an ac magnetic-field modulation in ad-
dition to dc magnetic field (Bd, ). This results in three
simultaneous magnetic fields: the microwave magnetic
field (B,t), scanning dc field, and ac modulation field; the
Bd, and B,f fields are mutually perpendicular. This tech-
nique, because of its exceptional sensitivity, has been used
successfully in the study of high-T, superconductivity to
measure quantitatively the modulated-field microwave

absorption (MFMA) at low magnetic field as well as
magnetic-fIux quantization in weak links of HTS materi-
als.

MFMA in polycrystalline samples at low magnetic
fields shows broad absorption with hysteretic behavior
and sometimes reproducible noiselike Auctuations with a
periodic structure. However, measurements in single
crystals show a series of very well-resolved, equally
spaced absorption lines which are not observed in surface
impedance measurements and which are related to the
Josephson weak links. A series of such lines were report-
ed by Blazey et al. and were attributed to the presence
of twin boundaries in single crystals. The presence of
such an electromagnetic response is not a unique feature
of high-T, superconductors because similar series of uni-
formly spaced lines were reported later in niobium, ' in-
dium, " and in the lead Chevrel-phase corn. pound
PbMo6S8. ' Drumheller, Trybula, and Stankowski' re-
ported these kinds of spectra in two pieces of lead which
were pressed together. While it is generally agreed that
the origin of the lines is related to the Aux quantization in
planar defects in crystals, it is not clear if the spacing be-
tween these lines is determined by the area of a hypothet-
ical superconducting ring with one or more Josephson
weak links intercepting the magnetic Aux N or by the
area of a single Josephson-junction defect.

In the present work we report the results of an experi-
mental and phenomenological study of microwave ab-
sorption of weak links in melt-textured bulk samples us-
ing the MFMA method. The investigation was designed
to provide some clarification on the relationship between
the defects in superconductive materials and Aux quanti-
zation obtained from experimental data. This informa-
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tion is important not only for the investigation of the ori-
gin of microwave losses in these materials but also for un-
derstanding of J, limitation due to the presence of weak
links and of the role of point and planar defects as pin-
ning centers. To realize this program we have chosen a
melt-textured material. From measurements of surface
resistance in a dc magnetic field, it is well known that
below 0.1 T microwave losses in this material are
governed by Josephson weak links. In addition, this ma-
terial contains large grains with very good crystallo-
graphic quality as well as well-defined and structured
inter- and intragrain boundaries. '

A number of theoretical models have been proposed to
explain the periodic line series observed in single-crystal
samples. ' Most of the models follow the Silver and Zim-
merman' theory of magnetic-Aux quantization in super-
conducting loops containing at least one Josephson junc-
tion. In this paper we present another model which takes
into account the orthogonal configuration of the B,& and
Bz, fields which is specific to the ESR spectrometer
design. Such an approach is different from the Silver and
Zimmerman theory where the two magnetic fields are
parallel. Our approach is based on an analysis of mi-
crowave absorption in a single nonuniformly coupled
junction using a nonlinear resistively shunted junction
(RSJ) model.

from negative to positive values and zero-field cooling
(ZFC). Most of the measurements were carried out with
a very low microwave power, where the microwave
current crossing junctions was used as a probe current
and the Aux quantization was due to the presence of the
dc magnetic field. This subject is discussed in detail in
Sec. V. Measurements of surface resistance versus tem-
perature for these samples showed the superconductivity
onset temperature of about 94 K with a relatively narrow
transition.

III. RESULTS

We have observed numerous series of very well-
resolved absorption lines for various sample orientations
with respect to the dc magnetic field and to the incident
microwave power. We have selected, for this investiga-
tion, only the series for which minima of the angular
dependence of the line spacing (b,B) could be related to
the characteristic crystallographic directions in the sam-
ples. Figure 1 shows the three main types of line series
selected for analysis. The first type of selected spectra
have a short series of only a few lines tFig. 1(a)]. The
three first lines from this series are marked in Fig. 1(a) by
single arrows. The second type is a series of equally

II. KXPKRIMKNTAL PROCEDURE

The microwave measurements were carried out using a
conventional Bruker ESP 300 spectrometer operating at
9.5 CiHz. An Oxford Instruments continuous-Qow heli-
um cryostat was used to obtain temperatures ranging
from 4.2 to 300 K. The static magnetic field B&, was hor-
izontally aligned, while the microwave field was always
perpendicular to the dc field. The estimated maximum
available value of the rf magnetic field, related to the
maximum incident power, was about 1 mT. The dc mag-
netic field was modulated at 100 kHz. Some measure-
ments, where modulation frequency can inhuence the
linewidth, were done using lower modulation frequency.
In most of the measurements we used a very small modu-
lation amplitude with a peak-to-peak value below 1 pT.
In the whole range of the magnetic-field modulation, the
amplitude of the observed lines was a linear function of
the modulation amplitude. We verified that the modula-
tion had no inAuence on the periodicity of the line series.
The shape of the lines depends on the origin of the mi-
crowave absorption and will be discussed later.

The samples were fabricated according to the pro-
cedure reported by Salama et a1. ' and were cut into
1 X2 XO. 3 mm platelets with the large faces parallel to
the a-b plane. Each samples was mounted on a Suprasil
quartz rod and was placed in the center of the cavity. The
samples were rotated with respect to the direction of the
B~, magnetic field using a single-axis goniometer. Two
configurations have been studied: (i) rotation along the c
axis of the sample and (ii) rotation along the a or b axis.
The samples were heavily twinned and hence the a and b
axes were indistinguishable. The four-quadrant type of
magnet power supply allowed continuous scanning of B&,
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FICr. 1. Three main types of line series selected for analysis
in this paper. (a) A short line series with large line spacing. The
arrows mark the positions of the first three lines. Measurements
were done at 32 pW and 5 K. The experimental configuration is
shown in the inset of Fig. 2 below. The angle between Bd, and
the [110j direction was 50. (b) A long line series with the line
spacing two orders of magnitude smaller than for type 1. Mea-
surements were done in the experimental configuration shown
in the inset of Fig. 3 below (80 pW and 5 K). The angle be-
tween Bd, and the a (b) axis was 0'. (c) A modulated-amplitude
line series with the line spacing of the order of pT. The experi-
mental configuration was the same as for the case (b) but mea-
surements were done at 2 mW.
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spaced lines of the same amplitude; these lines can be ob-
served in magnetic fields up to several mT [Fig. 1(b)].
The spacing between the lines is 0.016 mT, which is two
orders of magnitude smaller than for the first type. The
third type of spectra, observed only at higher microwave
power than needed for the previous two types, has a
modulated amplitude [Fig. 1(c)].

Different values of the threshold power are observed
for each type of line series. The first and second types of
line series showed thresholds of the order of pW, whereas
for the third type input power was of the order of mW.
Additionally, the first type of absorption line series has
different power thresholds for the first and next lines.
The first line appears at higher power level than is needed
for the next lines to occur. The second and third type ex-
hibit the same power threshold for the whole series.

The samples were zero-field cooled to 6 K and then ex-
posed to a scan of the dc magnetic field. In the experi-
ments, none of the recorded line series showed hysteresis
and the relative amplitudes of the lines as well as their
positions were unaffected by the scan time. The spacing
between the lines of each type showed a strong angular
dependence, as shown in Fig. 2 for the first series. The
sample was rotated around the c axis; the experimental
configuration shown in the inset was used. The external
dc magnetic field was parallel to the a-b plane and the B,&
field was parallel to the c axis. We observed the presence
of two sets of lines, with angular dependencies of hB
shifted by 90'. The minima of the dependencies of AB on
e were found for 8=0' and 0=90, corresponding to
Bd, parallel to the [110]and [110]directions, respective-
ly. Both sets of lines can be associated with the same
type of plane defects. Thus the C4 symmetry of the plane

defects is identified for the a-b plane of the sample. Two
additional insets show the line series at two different an-
gles e. The scale of both insets is the same and the dc
field scan is from —5 to 5 mT.

The angular dependence of the line spacing for the
second type of series is shown in Fig. 3. The inset shows
the experimental configuration with the a (b) axis used as
the rotation axis, thus setting the c axis perpendicular to
the rotation axis. In this arrangement the B,& and Bd,
fields are parallel and perpendicular to the rotation axis,
respectively. This case is different from the angular
dependence of hB shown in Fig. 2 since only C2 symme-
try of the plane defects is observed. It is deduced from
the 180 periodicity of the spacing Ininima. These mini-
ma were found for y=0' and 180, which correspond to
Bd, parallel to the a (b) axis. Two additional insets
drawn in the same scale (0—0.4 mT) show the b,B spacing
of the recorded spectrum for two different angles y.

The spacing between the lines is b,B =Cxo/5, where
Cxo=h/2e is the fiux quantum and 5 is the magnetic
cross-sectional area for interception of the Aux. S for a
barrier of thickness d and length I, is approximately
equal to L (2A, +d), since the field enters the grains to a
distance determined by the superconducting penetration
depth A.. The only effective field component is the one
perpendicular to the cross-sectional area S, so the mea-
sured b,B will scale as AB =b,B&/cose, where KB' is the
spacing for 8=0', while e is the angle between the field
and unit vector normal to S. The solid and dotted lines
shown in Fig. 2 represent 1/cose fitting and the solid
line shown in Fig. 3 represents I /cos&p fitting.

Since the cross-sectional area S intercepting the Aux
depends on the penetration depth, a study of the temper-
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FIG. 2. Angular dependence of the periodic spacing between
line series for the sample rotated around the c axis. The upper
inset shows the experimental configuration during rneasure-
ments. Minimum of AB (8=90 ) corresponds to Bd, parallel to
the [110] direction. The solid and dashed lines represent
1/cose fitting. Two other insets present the series of lines at
e= —70 and 0, having the periodic spacing hB equal to 10.2
and 2.3 mT, respectively.

FIG. 3. Angular dependence of the periodic spacing EB be-
tween the lines when the sample was rotated around the a (b)
axis. The upper inset shows the experimental configuration of
the measurements. p=0 (minimum of AB) corresponds to Bd,
parallel to the b (a) axis. The solid line represents 1/cosy
fitting. Two other insets present lines series at @=0' and —70',
showing the periodic spacing AB equal to 0.016 and 0.045 mT,
respectively.
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FIG. 4. Temperature dependence of the shape and line spac-
ing in the range 10—75 K. The sample was measured in the
configuration shown in the inset of Fig. 2. The angle between
the [110]direction and the dc magnetic field was 50'.

ature behavior of AB can give important information
about the size and type of junctions. In order to test the
temperature dependence of the shape and position of the
first type of lines we measured the microwave absorption
as a function of temperature. Figure 4 shows two lines of
the first type of series recorded at different temperatures
ranging from 10 to 75 K using constant microwave
power. It was measured at 0=50'; thus AB is 7.8 mT
(see Fig. 2). This line spacing has the minimum value of
2.3 mT.

An increase of the microwave power has a different
effect on each of the three types of spectra presented ear-
lier in Fig. 1. The lines of the first type of spectrum mea-
sured at several different levels of microwave power are
shown in Fig. 5. There is clear evidence of a power
threshold for the first line in the series which appears
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above 8 pW, whereas the next lines are obtained for
lower power levels. The microwave power dependence
for the first line is shown in more detail in Fig. 6, where
the microwave power is varied from 16 pW to 10 mW.
The up-going peak of the line remains unchanged up to
128 pW; thereafter it moves to lower field values.

Figure 7 shows the second type of microwave absorp-
tion line series measured at different levels of microwave
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FIG. 6. The first type of line series measured for several mi-

crowave power levels ranging from 16 pW to 10 mW. The sam-

ple was measured in the experimental configuration shown in

the inset of Fig. 2.
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FIG. 5. Evidence for the power threshold for the first line
from the first type of line series. The sample was measured us-

ing the experimental configuration shown in the inset of Fig. 2.

FIG. 7. The series of lines measured for several difI'erent mi-
crowave powers at 4.2 K. The sample was measured for the ex-
perimental configuration shown in the inset of Fig. 3.
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power. The sample was measured in the configuration
shown in the inset in Fig. 3. The lines appear for mi-
crowave power exceeding 64 pW and their amplitudes in-
crease with power. Above 100 pW they split and, for mi-
crowave power larger than 180 pW, the line separation
(5B) cannot be distinguished.

The third type of line series show higher power thresh-
old than the first two series. In addition, the amplitude of
these lines is not constant, but is modulated and more
than one group of lines is observed. Figure 8 shows this
kind of line series recorded for three different levels of
microwave power ranging from 1 to 3 mW. The dc field
location of the lines depends on the microwave power,
and the lines shift and/or disappear with increasing
power.

dc Magnetic Field B (mT)

FIG. 8. Series of lines with a modulated amplitude recorded
as a function of the input power. The sample was measured us-
ing the experimental configuration shown in the inset of Fig. 2.

brick-wall model. This model is depicted in Fig. 9, and
even though low-angle grain boundaries are not shown it
captures all the essential features of the observed micro-
structure. ' Each brick represents a local anisotropic su-
perconductor which can be described by the London
equation. A dc external magnetic field 8 is applied paral-
lel to the a-b planes and a rf magnetic field is applied
along the c axis. We assume that B is smaller than the
lower critical field B„.Thus screening currents induced
in the sample How on its surface within the effective
penetration depth A, in the grains and A.J on the edge of
grain boundaries. The dashed lines indicate the profile of
currents Aowing in the grains and the grain boundaries.
On each side of the grain boundary the field extends to a
distance A, . The single arrows indicate induced dc
currents whereas double arrows represent rf currents.

In this experiment the sample is small relative to the
size of the microwave cavity; thus we can assume that the
rf field is uniform around the sample and that the in-
duced microwave current Rowing across the junctions is
in phase. It allows us, for modeling purposes, to isolate a
single junction with the adjacent grains. In Fig. 9(b) the
cross section of a single Josephson junction is shown, in
isolation from the whole "brick-wall model. " In this
figure the rf field is parallel to the c axis and the dc field is
parallel to the a-b plane. The single and double arrows

)(c-axis

i(

Ni

IV. JUNCTION MODEL

The microsctructure of melt-textured YBCO is rela-
tively well known (Ref. 17) and seems to be suitable to
elucidate the origin of microwave absorption. It consists
of platelets stacked along the c axis and connected
through grain boundaries. Each platelet is segregated
into domains by twin boundaries. In our samples all the
grains are assumed to be oriented along a common e axis
which is normal to the sample surface cut along the a-b
plane. The twin boundaries, aligned along (110) direc-
tions, extend through the grain-boundary area. Since no
rotation of the a or b axis was observed across the grain
boundary it suggests that the platelets originated from
the same nucleation center. ' In that case the a (b) axis
orientation is common for the whole sample. The thick-
ness of each grain is about 10 pm, which is small com-
pared to the length and width of the grains. The distance
between the twin planes is in the range of 0.1 to 0.2 pm
depending upon the sample fabrication process.

This kind of grain structure can be described by a

(b)

Bdc

FIG. 9. (a) The brick-wall model for melt-textured samples.
The thickness of the grain boundaries is not shown as it is very
small in comparison with the junction dimensions. The thick
solid lines are the profiles of the current penetration depths into
the grains and the grain boundaries. Double arrows represent rf
currents. The screening currents due to the presence of the dc
magnetic field are marked by single arrows. (b) A single junc-
tion isolated from the brick-wall model. Two grains of width 8'
and length L are coupled by a grain boundary. The dc magnetic
field is parallel to the a-b plane and the rf magnetic field is
parallel to the c axis.
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have the same meaning as in Fig. 9(a). Each supercon-
ducting grain has a width W and height I which are
much larger than the effective penetration depth A, .

The Josephson penetration depth k& is used as a scale
in the description of Josephson junctions. A junction
with length 1. smaller than the Josephson penetration
depth A,z is called a short junction, where the magnetic
field is always uniform. For this type of junction the
magnetic field produced by the currents Aowing through
the junction is negligible in comparison to the externally
applied field. In the case of a large junction, the length I
of the junction is longer than A,J and a self-field effect can-
not be neglected. The field distribution inside the long
junction is not uniform anymore.

A previous microwave study of the melt-textured ma-
terial showed the presence of both intra- and intergrain
Josephson-coupled weak links. Therefore we expect to
find a whole variety of superconductor-insulator-
superconductor (SIS) and superconductor —normal-
metal-superconductor (SNS) junctions with difFerent
strength and uniformity of coupling. For the purpose of
interpretation of the experimental data, we will discuss
both short and long as well as uniform and nonuniform
SIS and SNS junctions.

It is well known that for small SIS junctions, i.e., with
1./A, J &&1 and J, a constant over the whole area of the
junction, the critical current can be expressed as a func-
tion of magnetic field by

I

sin(vrB /b, B )

Here Io is the value of I, at zero magnetic field, and AB
is the spacing between the minima of I, .

For a uniform SIS junction with strong coupling, no
analytic expression for a critical current is available. To
find the spatial phase dependence we will follow the
Owen and Scalapino approach. I,(8) can be found by
solving 8 y/Bx =(1/A J ) sing, which describes the phase
q in the junction. This equation can be transformed into
a standard elliptic integral form with standard Jacobian
elliptic functions as solutions. Using a boundary condi-
tion obtained from the magnetic-field continuity along
the junction edges, the critical current as a function of
magnetic field can be found. Figure 10(a) shows numeri-
cal calculations of I,(8) for L /A, J equal to 4.

In superconductor —weak superconductor —super-
conductor (SS S) or proximity SNS microbridgelike junc-
tions, with the effective span d and I, of the bridge about
3.5 and 4.4 times larger than the coherence length g in
the superconducting banks, respectively, the mecha-
nism that controls the critical current is quite different
from that in SIS junctions. For this particular case, Abri-
kosov vortices are formed in the bridge and their motion
controls the critical currents. In all other cases, the criti-
cal current dependence on the magnetic field can be cal-
culated according to the equation (Ref. 24)

[(n +1) 8/bB](8/b—B n)—
B/AB

Here B /AB describes the number of vortices in the junc-
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FIG. 10. Normalized critical current I, /Io versus normal-

ized dc magnetic field B/AB calculated for the following. (a) A
uniform SIS junction with strong coupling. The value of L/kJ
was chosen to be equal to 4. (b) SS'S or proximity SNS micro-
bridge junctions. Equation (2) was used for calculation. (c)
Nonuniform junction. Equation (4) was used with two diFerent
values of y parameter: 0 and 50. (d) Nonuniform junction
modeled as a network of two subjunctions. Equation (5) was
used for the calculations with spacing ABJ&, EB», and bBL
equal to 0.9, 3.0, and 0.04 mT, respectively.

tion and is set between n and n +1 (n &8/b, B (n +1).
Figure 10(b) shows the critical current I, normalized to
Io as a function of 8/b, B calculated from Eq. (2).

Junctions with uniform coupling or constant J, should
have the first minimum of the I, (B) function at
B/AB = 1. However, we did not observe any series of ab-
sorption lines that would begin at this point. Instead, the
first absorption line was obtained for the value of B/AB
in the range of 0.5 to 0.6. This indicates that the junc-
tions in the melt-textured bulk have nonuniformity of
both shape and coupling. The critical current versus
magnetic field is described by a different function than
that of uniform junctions. We wi11 follow the model of a
nonuniform SIS junction proposed by Barone and Pater-
no by assuming that the coupling is stronger at the two
ends of the junction than in the middle. The critical
current of such a junction is described by the formula

cosh(ax ) cosh(2/x /L)
cosh(aL /2) cosh(y)

The parameter a gives a measure of the peak-to-valley ra-
tio in the profile of the J,(x) distribution, while y is equal
to aL /2. For a given y, the critical current as a function
of applied magnetic field will have the shape
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I,(B,y) =Io
y +(mB/68)

m.B /b, B sin(mB /b. B)
y tanh(y)

B+cos 6B (4)

I,(B)= I„ B
J1

B
c2

J2

+4I, i
B

aBJi rc2
aBJ2

(.

' 1/2

Xcos B
ABL

For the extreme case when y~O Eq. (4) is reduced to
Eq. (1), which gives the first zero point, I,(8)=0, at one
value of hB. For the other extreme value of y~(x), we
found that the first zero point has the limit at b,B/2.
Thus by changing g we can obtain the first zero point of
I,(8) at any value of 8/68 between 0.5 and 1. Figure
10(c) shows two plots of I,(B,y) calculated for g=O and
50.

A nonuniform junction can be modeled as a network of
many subjunctions. Each subjunction represents an area
with stronger coupling. Subjunctions can represent mi-
croshorts in a single junction. For simplicity we assume
that the main junction consists only of two subjections.
Each subjunction is characterized by its own critical
current, I„and I,2. The geometrical dimensions of the
subjunctions determine the spacing between the minima
of the I,(8) function as EBJ, and ABER&, respectively.
Furthermore, again for simplicity we assume that the
coupling in the area which separates two subjunctions is
equal to zero. This structure resembles a superconducting
quantum interference device (SQUID) loop with two
junctions. In the presence of a magnetic field there will
be a current loop Aowing through these two subjunctions
and circulating around that area. The magnetic Aux
which can be accommodated in this zero-coupling area
can be parametrized by ABL, which corresponds to one
quantum of the Aux in this area. Since we are dealing
with Aux quantization in a microstructure, loop induc-
tance and self-induced Aux can be neglected. Thus the
critical current which can How through these subjunction
systems is related to the applied magnetic field as fol-
lows:

(7)

I„dI,(r) ~ d I, (~)
I,re"=I,(r)+ +

Ic d7 COJ d7

This equation has a phasor solution of the supercurrent
I,o, which is given by

1 (co/coJ)+—i (I„/I, )

Dividing each side by I, we obtain

I.o =I« 1

I, [1+(co/coJ ) ]+iI

By letting I, go to zero we find that

I o Irf
lim

o I, I„

tion suppressed by the applied magnetic field. To de-
scribe the electromagnetic junction behavior we will use
the classical approach of McCumber and Stewart us-
ing the small-capacitance resistively shunted junction
model. We will use the following nonlinear differential
equation to find the supercurrent Aowing through the
junction:

Ir . I (8) d~ I (8)e' = sing+ +dr I„co+ d (r)
L

This equation is modified to dimensionless form by nor-
malization to a microwave leakage current I„=VJ/R,
where VJ =%co/2e and RJ represent the junction voltage
and subgap resistance. In Eq. (7) r=cot where co is the
angular microwave frequency, I, is the critical current of
the junction, and coJ =+2eI, /A'C is the junction plasma
frequency, where C denotes the junction capacitance.

A junction can be characterized now by three parame-
ters: I„I„,and coJ. The leakage current is related to the
junction barrier quality. The right-hand side of Eq. (7)
represents three components of the whole current Aowing
through the junction: the Josephson tunneling current,
the quasiparticle current, and the displacement current.

In a general form, Eq. (7), which is a nonlinear equa-
tion, can only be solved numerically. However, for small
microwave power or large Ic-to-I«ratio this equation
can be linearized using the approximation I, =I,y to ob-
tain

If the two subjunctions have equal critical current then

I,(B)=2I,J
B B

cos
L

V. MICRO%'AVE ABSORPTION IN THE JUNCTIONS

Microwave absorption appears when the induced mi-
crowave current exceeds the critical current of the junc-

Here the subscripts J and L stand for the subjunction and
loop, respectively. Figure 10(d) shows the plot of Eq. (5)
with EBJ„bBJ2, and 6BL equal to 0.9, 3.0, and 0.04 mT,
respectively.

This result shows that when I,r/I &1 the Josephson
tunneling current will never exceed the critical current of
the junction, even for infinitely small critical current.
This is a case when the linear approximation works quite
well. However, the linear approximation is not valid for
the whole range of I, when I«/I & 1, because for I,~0
at some particular value of I„which we call I,' ', the su-
percurrent I, exceeds I, . When I, approaches I,' ' the
first large absorption takes place. It indicates that when
I, (I; ' Eq. (7) cannot be linearized. In the general case

it can be shown that for I, larger than I t/(I, r/I )2 —1

the linear approach is corre".t. Therefore there are two
cases of microwave absorption in junctions: linear when
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10 field penetration. Higher field results in a larger number
of subjunctions involved in the absorption and a chain of
SQUID-like loops can be created. In this case the in-
terference pattern becomes more complex [for example,
see Fig. 10(d)].

If the I,(8) function is known, the fields 8 at which
the absorption lines appear can be calculated, for a given
I,f, using the nonlinear RSJ model introduced in Sec. V.
Each value of the field B has to satisfy the equation

I (8)=I "' Irf
C C

—I f
—I

9 10

FIG. 13. A plot of I, '/I versus the ratio of I,f and I . The
linear and nonlinear regimes of the absorption are shown.

start to oscillate in the junction. This results in the ab-
sorption of a large amount of microwave energy. There-
by, we can write the following expression which locates
the onset of a large absorption for I,&/I„) 3:

P(8) =( ,'I,fRJ )O(I,f —I„—I, (B—)) . (15)

Here 0 is a step function.
In Fig. 13 the solid line is a plot of the function

I /I Q (I f /I„) —1 which is the boundary line be-
tween the linear and nonlinear regimes of the absorption.
From this figure we can also see that for low microwave
power, when I,&/I & 1, the absorption is in the linear re-
gime and I,' ' does not depend on I,f. For this case, Eq.
(13) can be used. For the nonlinear regime (when
I&/I ) 1) numerical solutions are needed. However, for
the case when I,r/I )3, Eq. (15) can be used as an ap-
proximation for locating the absorption peak.

In our measurements we have recorded the first deriva-
tive of the power loss P with respect to the magnetic field
B.The first derivative of Eq. (15) is given by

dP dI,= —( ,'I,fRJ ) o(I,r—I—I,(B)) . —
dB

The 6 function represents a sharp peak whenever
I,(B)=I,r I . We can se—e that when the derivative
dI, /dB is negative the peak is up-going; consequently,
when dI, /dB is positive the peak is down-going.

1..2 I
' I

BC13 h, BL h, BL

1.0
4

'~

0.8

o.s—
4

We can neglect I„when it is small compared to I,f. The
procedure described above can be reversed, namely, the
I, (8) function can be found from measured 8 values.

By measuring dP/dB versus magnetic field (8) at various
levels of microwave power (8') and knowing that I,&

is
proportional to the square root of the microwave power,
we can plot &W versus 8, which is directly related to
I,(B). The experimental data from Figs. 5 and 6 can be
used to obtain a normalized & W function that character-
izes the investigated junctions (Fig. 14). The straight line
shown in this figure is very similar to both a strongly cou-
pled SIS junction [Fig. 10(a)] and a SNS junction [Fig.
10(b)]. Since the straight line intersects the 8 axis at
about 1.7 mT, it corresponds to a junction area 5 of
about 1 pm . For low fields only one subjunction is in-
volved in the absorption and it remains in the Meissner
state until the external field reaches 1.15 mT. This value
can be considered as the lower critical field B„Jof the
subjunction and it includes the demagnetization e6'ect.
Above B,&J, the Aux penetrates through the first subjunc-
tion located near an edge of a plane defect and the field is
screened out by the next subjunction located further in-
side the plane defect. This interrupts the single-

VI. DISCUSSK)N 0.2

In Sec. IV we showed that the I,(B) function for an ex-
treme case of nonuniformity is equivalent to the I,(8) of
two or more subjunctions with a SQUID-like loop. Thus
a real nonuniform single-plane-defect junction can be
modeled as several subjunctions separated by weakly cou-
pled areas. The e6'ective Josephson penetration depth XJ
depends on the applied magnetic field. When the mag-
netic field is weak, only those subjunctions which are
close to the edge of the plane defect are a6'ected by the

ABi 8
pn ~ ~ s ~ I a s ~ s 1 a ~ s a I ~ i s I ~ a ~ a I ~ a ~

e LJ

0 i 2 3 4 5 6
dc Magnetic Field 8 (mT)

FIG. 14. Normalized critical current I, /Io versus dc mag-
netic field obtained from experimental data presented in Fig. 5

and 6. The solid line is a guide for the eyes. Straight line indi-
cates Meissner state of the junction till 1.15 mT.
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FIG. 15. Dependence of the effective area S of the junction
on temperature (a). Solid line represents the simulation for the
dependence of two-Quid-model penetration depth A, on tempera-
ture. Critical current Io at zero magnetic field shown as a func-
tion of the temperature (b). Solid line represents the simulation
of Io(T) dependence for a SNS-type junction. For calculations,
the experimental data from Fig. 4 were used.

junction-type operation, and creates a SQUID-like loop
interference effect of the two junctions. At that moment,
the loop contains more than one Aux quantum No and the
critical current of the system is different from zero. This
explains the threshold for the appearance of the first ab-
sorption line. These two subjunctions seem to have nearly
the same critical current, because the second and the
third lines appear at very low power. From the above
discussion we can conclude that the interference pattern
presented in Fig. 14 consists of two parts: one corre-
sponding to a single subjunction and the second corre-
sponding to a SQUID-like loop. The line spacing for the
junction (b,BJ ) and loop (EBI ) in Fig. 14 have the same
meaning as in Eq. (5). An estimated value of b,Bz of each
subjunction is about 1.7 mT. Since the separation be-
tween the first and the second or the second and third
lines is 2.3 mT, the value of 68~ is equal to 2.3 mT. The
loop area, which is determined by the size of the weakly
coupled region between the two subjunctions, can be cal-
culated from 58& and is equal to 1.4 pm .

The type of junction can be determined by the temper-
ature dependence of the critical current. The analysis of
such a temperature dependence, shown in Figs. 15(a) and
15(b), was obtained using the experimental data shown in
Fig. 4. The line spacing is larger than 2.3 mT, because
the measurements were done at an angle of 50' between
the dc field and the [110]direction. For calculation pur-
poses hB was scaled to the minimum value using the
1/cose function (see Fig. 2). The subjunction area inter-

Io( T)

Io(10)
+(S(10)8i (10))

&(S(T)Bi(T)) (18)

The results of this calculation is shown in Fig. 15(b)
with open circles. The solid line represents the simulated
temperature dependence of Io for a typical SNS junc-
tion ' which is scaled as (1—T/T, ) . The very good
agreement obtained between the data points and the
fitting indicates that the subjunctions in the plane defects
are of the SNS type.

Another important issue of these highly nonuniform
SNS-type junctions is their location in the sample. Mea-
surements of R, in a dc magnetic field reveal the p.=esence
of both intra- and intergrain weak links in melt-textured
YBCO (Ref. 14). The results presented in this paper pro-
vide more detailed information about the nature and the
location of the weak links. In the literature, the results of
Aux quantization measurements are interpreted in terms
of both single-junction absorption and loop theory.
Blazey et al. ' used a single-junction absorption ap-
proach and reported that the line spacing 68 is related to
the cross section S of the (110)-oriented twin boun-
daries. The area S was of the order of 100 pm and was in
agreement with other reports. The single-junction inter-
pretation was also used by Kish, Tyagi, and Krafft'
where lines due to both the dc and rf Aux quantization in
weak links were reported. Vichery, Beeuney, and I.ejal
et al. interpreted their results in terms of a ringlike
contour of area 750 pm containing several weak links
with a very small effective area.

From the angular dependence of the spacing between
the lines, the location of plane defects and their symme-
try can be analyzed. As shown earlier, the minimum of
the line spacing 68 occurs when the dc magnetic field is
parallel to the (110) direction in the melt-textured sam-

cepted by the dc magnetic field is a function of tempera-
ture and if we neglect the barrier thickness it can be ex-
pressed as S(T)=CIo/b, B(T)=2k,(T)L Both A, and L
have the same meaning as in Fig. 9. We can express the
critical current as a function I'" of the SB, 2 product,
where 8

&
and B2 are the dc magnetic-field values which

correspond to the up-going and down-going peaks (see
Fig. 4), respectively, in the following form:

Iabs

IQ( T)
=I'(S(T)Bi)=I'(S(T)82) . (17)

The up-going and down-going peaks at 8& and Bz
fields are related to I,(SBi ) and I,(SB2) with a negative
and a positive slope, respectively. In order to calculate
the S ( T) function we need to know the F (SB) function.
We will use I,(8) from Eq. (4), which seems to be a good
approximation.

The S ( T) data set presented in Fig. 15(a) is obtained
numerically, using Eq. (17) and Bi and 82 values from
Fig. 4. Using S(T) we can calculate the zero-field critical
current Io at different temperatures; which will be, how-
ever, scaled by an unknown proportionality constant be-
tween I,&

and +W. To eliminate this constant we can
normalize Io( T) to Io at 10 K, thus obtaining the expres-
sion
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pie. Since we have found that there are two sets of lines
with angular dependencies shifted by 90' (see Fig. 2) the
orthogonal symmetry of the plane defects which are re-
lated to this microwave absorption can be deduced. It is
obvious that the best candidates for these plane defects
are twin boundaries in the I 110I plane which have such a
90' symmetry. However the twin boundaries cannot
cause any Aux quantization due to the fact that their sep-
aration, which varies from 0.1 to 0.2 pm, is smaller than
2A, . Thus the twin boundaries will cause only an increase
of the London penetration depth k to a larger effective
value and will have an inhuence on the surface resis-
tance measurements, but should not be detected by field-
modulated microwave-absorption measurements.

To find another candidate for the plane defects, we
need to analyze the a-b plane microstructure. The forma-
tion of twins in YBCQ takes place during the phase
transformation from tetragonal to orthorhombic. In the
orthorhombic phase, the b lattice elongates and the a lat-
tice contracts compared with the tetragonal phase, thus
resulting in [110] twinning. The planes (110) and (110)
are equivalent and both (110) and (110) types of twins
can be formed in one grain. An interface between two or-
thogonal sets of twins consists of an alternation of the
twin boundaries. Such an interface is sometimes called a
complex twin boundary and is believed to have different
properties than those of regular twin boundaries. The
complex twin boundaries seem to be responsible for the
line series discussed above, because their separation is
much larger than 2A. and the complexity of oxygen distri-
bution in the interface can produce the required nonuni-
formity of coupling.

An important aspect of the presented results is the
number of plane defects involved in the microwave ab-
sorption represented by each line. A question might arise
whether the lines shown in Fig. 4 can be related to the ab-
sorption only in one single junction or in several junc-
tions of the same size. The measurements of one line in a
small dc field scan showed that the lines have a substruc-
ture consisting of many narrow sublines. Figure 16(a)
shows a narrow-range scan of the dc field for the first line
of the series whose substructure is shown for different lev-
els of microwave power. We have already attributed the
presence of this line to a single subjunction in the com-
plex twin boundary in the (110) plane. The overlap of the
up-going and down-going peaks of the sublines in the 16
pW spectrum gives very strong evidence for the existence
of these subjunctions with a size distribution. The sub-
structure indicates that these lines represent the mi-
crowave absorption in several subjunctions similar in size
and loops from several different plane defects. Figure
16(b) shows a simulated absorption, assuming that the
geometrical sizes of the junctions have a discrete distribu-
tion. The lines presented in this figure were simulated for
30 subjunctions with a discrete log-normal distribution of
the area. For simplicity, we used the I,(B) function from
Eq. (1). The main features of the experimental results
were simulated quite well. It is unclear, however, why
the subline structure is equally, rather than randomly
spaced. An instrumental effect was excluded. However,
we can speculate that the increase of the subline spacing

{a)

1

"""'Qltl(&prr"

I I I

1.12 1.14 1.18
dc magnetic Field B (mT)

I

1.18

FIG. 16. The substructure of the first line from the first type
of series (a). The absorption line was measured for four
di8'erent power levels ranging from 16 to 40 pW. (b) Simulation
of the microwave absorption with the assumption that geome-
trical sizes of the junctions have a discrete distribution.

by 1.5 pT corresponds to the decrease of the loop length
by 10-11 A. This is close to the lattice constant of the
unit cell in the c-axis direction. It is consistent with the
idea that the smallest possible change of the loop size in
the complex twin boundary is equal to the length of the
cell. This is based on the fact that in a complex twin
boundary the size of an oxygen deficiency region can be
changed only by the discrete length of one unit cell.

The second and third types of line series (Fig. 1) were
measured in the experimental configuration with B&
parallel to the a (b) axis. The angular (Fig. 3) and power
(Fig. 7) dependence measurements showed that the lines
can be attributed to the boundaries between the platelets.
These boundaries can be modeled as a highly nonuniform
junction. The line spacing for the series is very small,
equal to 0.016 mT. The lines appear at a very low field
and originate from a SQUID-like loop with at least two
subjunctions. The line spacing is equivalent to 140 pm .
The subjunctions in platelet boundaries are much weaker
than the subjunctions in complex twin boundaries.

From Fig 7(type-2 .series) we can analyze the infiuence
of rf power on b,B and on the separation (5B) of the up-
and down-going peaks. Both the hB and 6B values
change with increasing power but above 160 pW, a new
series of lines emerge and the whole spectrum looks ran-
dom, thus making the tracing of the peaks very difticult.

As the power increases further, additional equally
spaced line series emerge, which can be seen in Fig. 8.
Now the amplitude of the new line series is modulated.
This is the type-3 [Fig. 1(c)] spectrum. The lines originate
from SQUID-like loops, but this time each subjunction
has a different critical current. I,(B) for such a system
schematically in Fig. 10(d). In this figure we show also
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straight horizontal lines which represent the I,f current
at di6'erent power levels. The intersections of these lines
with the I,(B) function give the series of points which
determine the positions of the amplitude-modulated line
series shown in Fig. 8. The location and expansion of the
intersected portion of the I,(B) function depend on the rf
power level. This can explain the shift or disappearance
of whole groups of amplitude-modulated line series when
the microwave power is changed. We have measured the
angular dependence of ABI of these lines and we have
found that it follows the 1/cosy& dependence T.he FBI
minimum value is equal to 6 pT.

In the case of a very weakly coupled junction, or when
a very high microwave power is applied, there is no net
current Aowing through the junction and therefore the
nonlinear RSJ model shown above is not valid anymore.
The microwave magnetic-vortex-motion model should be
used instead, for example. In this case the behavior of
the lines as a function of rf power is very dificult. In the
vortex-motion model, the lines in the series can be split,
due to the applied rf power, by more than half the period-
ic spacing and still be recognized. According to the RSJ
model the line splitting will never exceed half of the hne
spacing. When the split lines are in proximity to each
other, they merge into a noiselike spectrum.

VII. CONCLUSIONS

We have studied Aux quantization in weak links in
melt-textured YBa2Cu307 bulk using a modulated-
microwave-absorption technique. We have used the non-
linear RSJ model combined with the special shape of an
I,(B) function as a framework for the interpretation of
our experimental results. This model was used to deter-

mine the criteria for linear and nonlinear absorption in
the junction to appear.

This study allowed us to identify the location and type
of weak-link Josephson junctions and to determine the
symmetry of the plane defects in which Aux quantization
takes place. These results, along with the microstructure
data, indicate that intragrain complex twin boundaries
and intergrain platelet boundaries are responsible for the
microwave absorption in melt-textured YBCO.

Additionally, our experimental determination of the
I,(B) function and B„Jfield for SNS-type junctions, lo-
cated most likely in the complex twin boundary, demon-
strates the applicability of modulated-field microwave-
absorption measurements to junction characterization.
These results show that microwave-absorption measure-
ments are useful for characterization of Josephson junc-
tions not only in a melt-textured material but also in thin
films; however, further experimental and theoretical
eQ'ort is necessary to fully utilize the potential of this
technique.
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