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Magnetic-susceptibility and grain-boundary-chemistry data were obtained on dense YBa,Cu,O; (Y
1:2:4) samples. Transmission-electron microscopy showed that the grain boundaries were free of second
phases and the dislocation density was low. Cation content, oxygen composition, and hole density were
determined by the combined techniques of nanoprobe energy-dispersive x-ray spectroscopy and
electron-energy-loss spectroscopy. A total of 25 pairs of grains was analyzed and the results indicated
that grain boundary and bulk compositions do not differ. The relative orientations of the crystallites
were determined, and the results show that a wide variety of misorientations was sampled. Almost all of
the grain boundaries were fully oxygenated and there are no hole deficiencies, but the magnetic-
susceptibilty measurements showed that the material is granular weak linked. These results indicate that
Y 1:2:4 is a material in which clean, stoichiometric boundaries still form weak links.

I. INTRODUCTION

Many potential applications of high-temperature su-
perconductors require that the materials carry large
currents in strong magnetic fields. While there appear to
be good prospects for the development of helium-cooled
Bi superconductors,! at present liquid-nitrogen-cooled
materials do not carry useful amounts of current. The
Y-Ba-Cu-O compounds are candidates for liquid-
nitrogen-cooled applications because measurements on
single-crystal films have shown that the intragranular
critical current is high and does not decrease rapidly with
temperature or applied field.? Unfortunately, soon after
the discovery of YBa,Cu;O,_, (Y 1:2:3) (Ref. 3) it was
established that the zero-field critical current values for
polycrystalline ceramic samples were not large and were
also rapidly degraded by weak magnetic fields.*> The
observations thus indicate that poor electrical connectivi-
ty across grain boundaries greatly reduces the conduction
of supercurrents. The effect is called weak-link behavior.
Understanding the original of this effect might have great
practical significance and the purpose of this study was to
investigate one possible explanation.
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Possible sources of the effect include (1) intrinsic an-
isotropy of the superconducting properties and the pres-
ence of structural disorder at grain boundaries,®’ (2) mi-
crocracking due to thermal and transformational
stresses,®° and (3) the presence of nonstoichiometric ma-
terial at grain boundaries.®”!! The relationship between
grain boundary chemistry and weak-link behavior is the
subject of this paper.

The grain boundary chemistry of Y 1:2:3 has been the
subject of a number of studies. Auger spectroscopy®'%!?
and analytical electron microscopy®!l!>1# studies have
shown the presence of grain boundary films and varia-
tions in copper and oxygen stoichiometry. More recent-
ly, TEM and electron-energy-loss spectroscopy (EELS)"
have been applied to characterize the correlation between
the crystallographic misorientations of the Y 1:2:3 grain
boundaries and oxygen deficiency at the boundaries. This
study!® explored possible connections between weak-link
behavior and oxygen nonstoichiometry at grain boun-
daries in Y 1:2:3 and found that oxygen deficiencies at
boundaries can be related to predictions of the con-
strained coincidence site lattice boundary model.

In light of the tremendous impact that weak links have
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on potential applications, it is essential to understand the
origins of this phenomenon. A major step toward this
goal is to test the applicability of any proposed mecha-
nism to high-temperature superconductor systems other
than Y 1:2:3. Such tests are particularly useful for super-
conductors that are chemically and structurally similar to
Y 1:2:3. The compound studied in this work, YBa,Cu,Og
(Y 1:2:4) is just such a material.

Orthorhombic Y 1:2:3 is not thermodynamically
stable!® and it has been suggested'>!® that the grain
boundary nonstoichiometry is associated with the initial
stages of decomposition. YBa,Cu,Og, another high-T,
compound (~80 K) of the YBCO system appears to be
thermodynamically stable!” in 1 atm oxygen pressure at
temperatures below about 860°C. Previously reported
Auger spectroscopy results'® indicated grain boundary
and bulk compositions were indistinguishable for Y 1:2:4.
This behavior appears different from that of Y 1:2:3. The
present investigation was initiated to confirm the Auger
spectroscopy measurements on Y 1:2:4 with energy
dispersive x-ray spectroscopy (EDS) and EELS and to
determine the effect of crystallite misorientation on the
grain boundary chemistry. The weak-link behavior was
also determined from susceptibility measurements.

II. SAMPLE PREPARATION
AND CHARACTERISTICS

The Y 1:2:4 samples used in this study were prepared
by sintering cold-pressed Y 1:2:4 powder at 1030°C in 86
atm O, for 18 h. The Y 1:2:4 powder was synthesized
from a Y 1:2:3-CuO composite which had been sintered
for 4 h in 1 atm O, at 950°C. The reason for sintering
the Y 1:2:3-CuO mixture is that Y 1:2:3 is not stable in
high-pressure oxygen.'® Since decomposition is due to an
oxidation reaction, one can inhibit the reaction by sinter-
ing, which limits the oxygen supply via open porosity.
The Y 1:2:4 powder was formed by reacting for a total of

FIG. 1. Polarized light optical micrograph of the Y 1:2:4
sample.
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96 h at temperatures between 930 and 1030°C. Oxygen
pressures were decreased from 150 to 86 atm as the tem-
perature was increased. The powder contained 263 ppm
carbon, and Ba,Cu;O¢_5 (1.9 vol %), that was the only
second phase detected by x-ray diffraction.

An optical micrograph of the sample is shown in Fig.
1. The TEM studies qualitatively confirmed the second
phase content and also showed that the sample was quite
dense. The bulk density was 92.1% of theoretical and at
room temperature the electrical resistivity was 0.43
pnQm. ac susceptibility data showed that T, was about
78 K.

TEM specimens were prepared by first cutting thin 3-
mm-diam disks from the bulk Y 1:2:4 material. Then the
disk was polished and ground to a thickness of about 50
um at the center of the disk. Finally, the specimen was
ion milled at liquid-nitrogen temperature until a small
hole was made. There were hundreds of small grains
around the hole that were suitable for TEM analysis.
Since the bulk Y 1:2:4 is a polycrystalline material, no
preferred orientation was observed in TEM.

A typical TEM image of the Y 1:2:4 specimen is shown
in Fig. 2. The grain boundaries are free of second phases,
straight and structurally intact. Most of the grains con-
tained relatively few dislocations. The nanoprobe mi-
croanalysis was performed across the boundaries.

FIG. 2. TEM images of Y 1:2:4 showing clean and straight
grain boundaries that have been analyzed by EELS and EDS.
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III. EXPERIMENT

A. Quantitative determination of oxygen composition
at grain boundaries

Transmission-electron microscopy (TEM) studies were
performed at 100 kV in a Philips EM400 TEM/STEM
equipped with a field emission gun (FEG). The micro-
scope was operated in the scanning TEM (STEM) mode
in order to get the smallest probe size. An electron probe
of diameter less than 2 nm was generated by the FEG-
TEM, and scanned across grain boundaries to detect lo-
cal compositional variations. The locations of gain boun-
daries were directly observed in the scanning bright-field
STEM images and misorientations were precisely deter-
mined with the use of microdiffraction patterns from
both grains. The local chemical compositions were deter-
mined from the EDS and EELS measurements which
were performed simultaneously when the electron probe
was pointed at the boundary. The cation composition
was determined by energy dispersive x-ray spectroscopy
(EDS) and is given by'°

n ky I

=2t ()

ny ka Ib
where I, is the integrated x-ray count for the characteris-
tic lines of element a; n, is the volume concentration of
element a; k, is a constant independent of n, which de-
pends only on the relative detection efficiency of the
detector for the measured lines, ionization cross section
and fluorescence yield. The three other parameters, I,
ky, and n,, have similar meanings. The absorption effect
is usually negligible for thin specimen microanalysis in
TEM if the specimen is rotated towards the x-ray detec-
tor for about 25° in order to increase the x-ray takeoff an-
gle. For quantitative chemical analysis, k factors must be
determined experimentally from a compound of known
composition. In this study, the ratios of kg, /kc, and
ky/k¢, were determined from a pure Y,BaCuOs (211)
phase, and the results were used to define the cation com-
positions in Y 1:2:4. An accuracy of better than 2% was
achieved in EDS microanalysis. For 100 keV electrons,
almost no contamination (or hydrocarbon deposition)
was observed when the specimen was cooled below 140 K
inside the TEM column in a 10”7 Torr vacuum.

For light elements microanalysis, EDS is not the op-
timum choice because of the dramatic drop of fluores-
cence yield for low Z elements (Z < 11) and the unavail-
ability of a windowless x-ray detector. These factors
yield low signal counts and relatively strong background.
Therefore, the oxygen composition was determined using
electron-energy-loss spectroscopy (EELS), which is par-
ticularly sensitive to light elements. Figure 3 shows an
EELS spectrum recorded from a Y 1:2:4 specimen. This
spectrum indicates the presence of O, Ba, and Cu. After
the subtraction of background, the signal intensities of
the corresponding ionization edges were used to deter-
mine the specimen composition:*

no _ Ip(B,A) op,
ngy, I (B,A) 0g ’
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FIG. 3. A EELS spectrum acquired from a Y 1:2:4 grain
showing O K, Ba M, s, and Cu L, ; edges. The pre-edge peak
indicated by an arrowhead indicates the presence of unoccupied
valence states (or hole states) in Y 1:2:4.

where the quantities I and I, are the integrated inten-
sities of the O K and Ba M, s edges, respectively, for an
energy window of width A and EELS collection semian-
gle B, and o is the integrated ionization cross section of
the edge. In general, it is quite inaccurate to use the cal-
culated M-edge ionization cross section in EELS mi-
croanalysis. To avoid this problem, a standard BaTiO,
sample was used to measure the o,/0p, ratio under
equivalent experimental conditions.?! For =25 mrad,
A=100 eV, and E =100 keV, the measurements from the
central transmitted beam under approximately one-beam
diffracting condition showed oq/0p,=0.351£0.02. This
value was used in Eq. (2) to determine the O:Ba ratio in
the Y 1:2:4.

Details of the experimental set up and parameter selec-
tions have been described in a previous paper on studies
of Y 1:2:3."° The data for Y 1:2:4 were obtained under
the same conditions. The EELS spectra were acquired at
a dispersion of 0.5 eV/channel in order to capture both
the O K and Ba M, 5 edges. A traverse consisting of 11
EELS spectra spaced 5 nm apart was obtained for each
grain boundary. It took about 6 s to acquire an EELS
spectrum, but it required more than 50 s to obtain a EDS
spectrum. To avoid beam damage effects, EDS spectra
were acquired only on the boundary and at two positions
on either side. In practice, the beam damage was not
significant at 100 kV.

Kikuchi patterns were recorded from both sides of the
grain boundaries to determine the misorientation of the
two adjacent grains.?? Following the traditional method,
the rotation axis is an axis around which the second grain
is rotated for an angle 0 in order to transform the second
grain lattice axes, a, b, and c, to be parallel to the axes a’,
b, and c', respectively, of the first grain.?»?* The
minimum rotation angle about the axis with positive
sense was chosen to describe the misorientation of the
boundary. The boundary misorientation angle 6 is deter-
mined from the indexed Kikuchi patterns with the use of
a computer program developed by Zhang.?
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B. Density of unoccupied valence states at grain boundaries

In studies of YBa,Cu;0,_,, it has been found that the
superconducting properties strongly depend on the oxy-
gen deficiency x (12x =0), varying from an antiferro-
magnetic insulator at x =1, to a 90 K superconductor at
x =0. EELS was applied to determine the effect of oxy-
gen substoichiometry on local electronic structures in
high-T, superconductors.?%?” For most high-T, oxides,
the O K edge is dominated by transitions of O 1s elec-
trons to the conducting band which has a binding energy
of 532 eV.? In Y 1:2:3, the binding between O and Cu
atoms in the CuO, layers is primarily determined by the
O 2p state and Cu 3d states, resulting in some unoccupied
states, of p-type symmetry, in the valence band.?6™ %
These holes are believed to carry supercurrent. The hole
concentration in Y 1:2:3 decreases linearly with oxygen
deficiency x.2°731

In EELS, since the states of O 1s electrons are almost
unaffected by the binding states of the oxygen atom (i.e.,
the solid-state effect), the near-edge structure of the O K
edge is approximately proportional to the density of
states of the unoccupied valence and conducting bands.
Therefore, a detailed study of O K edge fine structures
can provide some information about the symmetry of the
hole states. For Y 1:2:3, the hole states were found at
about 4-5 eV below the conducting band, producing a
pre-edge peak located at 528 eV. This pre-edge peak has
also been observed for Y 1:2:4 as indicated by an arrow-
head in Fig. 3. Therefore, examination of the relative in-
tensity variation of the pre-edge peak would provide
some information on the variation of hole concentration
near grain boundaries in Y 1:2:4. To do this one must as-
sume that the hole states in Y 1:2:4 are created following
the same mechanism as for Y 1:2:3.

In our experiments, it was difficult to quantify the in-
tensity of the pre-edge peak. First, since the energy reso-
lution of EELS spectrometer is about 1.5 eV under nor-
mal data acquisition conditions, the large overlap of the
pre-edge peak with the main peak, at 537 eV, makes the
determination inaccurate. Second, low-energy-loss
plasmon multiple scattering is always included in the
spectrum, so that the sharpness of the pre-edge peak is
degraded. Finally, the intensity profile of the main O K
peak is unknown and it could not be simulated using a
Gaussian function, giving some uncertainty in evaluating
the intensity of the pre-edge peak. Therefore, the analy-
ses of hole concentrations are qualitative.

For Y 1:2:3, the hole states have been found to have p-
type symmetry and to be confined in the (001) plane.?
Thus the intensity of the pre-edge peak depends on the
direction of the electron beam relative to the c axis of the
crystal. This is because the excitation probability of the
peak is related to the momentum transfer of the electrons
in the a-b plane. It is thus necessary to examine the
dependence of the pre-edge intensity on crystal orienta-
tion. A careful assessment was initiated to select the op-
timum collection semiangle of the EELS spectrometer. >
Calculations have shown that, for =25 mrad, the con-
tributions from all the possible momentum transfers,
from scattering angles smaller than 25 mrad have been
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integrated during spectrum acquisition. This reduces the
crystallographic orientational anisotropy of the prepeak
intensity to a minimum. EELS experiments have been
carried out to test this and the results are shown in Fig. 4.
The intensity of the preedge peak relative to the main
peak is almost unchanged when the specimen was rotated
from 0° to 50° with respect to [001]. This result
confirmed the validity of the parameters employed to
determine the hole concentration.

In TEM, it is possible that the sample could lose oxy-
gen under the electron beam. To assess this effect, EELS
measurements were performed on an area of the speci-
men under the illumination of a 2-nm-diam probe for
different lengths of time. The data are shown in Fig. 5.
Almost no oxygen loss was observed inside the Y 1:2:4
grains. At the grain boundary, the O:Ba ratio appears to
drop from 3.5 to 3 after the electron beam continuously
illuminated the same area for longer than 30 s. In our ex-
periments, however, the data acquisition for each EELS
spectrum took only 6 s. This shows that there was no
severe oxygen loss during EELS measurements.

C. Susceptibility measurements

The magnetic susceptibility of Y 1:2:4 was measured in
order to determine whether the grain boundaries form
weak links. The sample studied was nearly cylindrical,
with diameter of 3.04 mm, length of 5.3 mm, and mass of
218 mg. It was mounted and installed in a magnetometer
with the magnetizing field applied parallel to the cylindri-
cal axis. A SQUID-based magnetometer (Quantum
Design Model MPMS equipped with a high homogeneity
7 T magnet) provided measurements of the magnetic mo-
ment m as a function of applied magnetic field H and
temperature 7. To insure that the sample remained in a
highly homogeneous field, we used sample scan lengths of
3 cm. Also, the magnet contained minimal trapped mag-
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FIG. 4. A comparison of O K edge EELS spectra acquired
from a same Y 1:2:4 grain when the crystal was rotated for 0°,
10°, 20°, 30°, and 50°, and 50° away from [001] zone axis, show-
ing there is no dependence of pre-edge peak intensity on crystal
orientation under the experimental conditions used here and
previously (Ref. 15).
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FIG. 5. Variation of O:Ba ratio on a grain boundary (GB)
and in the bulk of Y 1:2:4 as a function of time when the sample
was continuously illuminated by a 2-nm-diam probe, showing
there is no severe oxygen-loss induced by the beam.

netic flux, since it had just been cooled to 5 K from room
temperature. Meissner signals were also measured. In
these experiments the sample was cooled from above T,
in an applied magnetic field.

IV. RESULTS AND DISCUSSION

A. Grain boundary chemistry determined by EDS and EELS

In previous studies of Y 1:2:3, the hole state peak was
observed at some grains (about 60%) but not all. In'Y
1:2:4, however, the prepeak was observed for almost
every grain. This is probably associated with the fact
that Y 1:2:3 shows a relatively large variation in oxygen
deficiency, but the oxygen composition in Y 1:2:4 remains
almost constant. For Y 1:2:4, EDS showed no significant
cation compositional variation (<2%) at the grain
boundary and in the bulk. Thus the change of O:Ba ratio
indeed reflects the variation of oxygen concentration.

As discussed previously, the hole state is actually an
electronic state of the Cu-O chain in high-T, supercon-
ductors. Two effects could cause this peak to disappear.
First, oxygen deficiency could alter the peak and second,
the electronic structure of Cu-O chains may be altered at
some kind of boundaries. Thus the disappearance cof the
pre-edge peak does not necessarily mean oxygen
deficiency at the boundary. The oxygen content, in prac-
tice, is determined by EELS microanalysis following Eq.
(2), and hole deficiency is directly determined by the rela-
tive intensity variation of the preedge peak with respect
to the main O K peak. The grain boundaries are
classified into three types: fully oxygenated (FO) boun-
daries, hole-deficient (HD) but not oxygen deficient boun-
daries, and finally the oxygen deficient (OD) boundaries.
It is generally true that an oxygen deficient boundary is
always hole deficient.

Figure 6 shows a comparison of EELS spectra acquired
at 5 nm apart across a grain boundary that is fully oxy-
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FIG. 6. A series O K edge EELS spectra acquired at 5 nm
apart across a Y 1:2:4 grain boundary that is fully oxygenated,

showing there are no oxygen and hole deficiency at the grain
boundary.

genated. The intensity of the preedge peak does not show
any significant variation either on the grain boundary
(GB) or in the bulk. It can therefore be concluded that
the hole concentration remains unchanged at the bound-
ary.

For an oxygen deficient GB (Fig. 7), it is clear that not
only does the prepeak intensity drop to a minimum, but
also the magnitude of the main O K peak also drops.
This boundary exhibits both oxygen deficiency and hole
deficiency. Cation analysis by EDS showed that this
boundary was formed between two different phases. One
of the phases was Y 1:2:4 and the composition of the oth-
er phase was approximately YBaCu;0,,.

To summarize the EELS and EDS analysis of many
boundaries, Fig. 8(a) shows the variation of O:Ba on the
boundary and in the bulk for 26 pairs of grains. The first
22 boundaries are fully oxygenated and there is no hole
deficiency. The accuracy of EELS microanalysis is limit-
ed to about 5-10 %. Boundaries No. 23-25 are also ful-
ly oxygenated but show hole deficiency. Boundary No.
26, the only boundary which showed both oxygen
deficiency and hole deficiency, was formed at the inter-
face between two different phases. The EDS analyses
showed that cation compositions were identical to within
39% for the two adjacent grains comprising boundaries
No. 1-25.

To determine if there is any correlation between hole
deficiency and grain-boundary crystallography, the
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misorientation angle (or the rotation angle) was deter-
mined for each grain boundary, and the results are plot-
ted in Fig. 8(b). The corresponding rotation axes for
those boundaries are listed in Table I. For boundaries
No. 1-22, which are fully oxygenated, the misorientation
angles do not show any preference in either low angles or
high angles and the range of angles is 3-89°. The three
hole-deficient boundaries (No. 23-25) were observed for
pairs of grains with misorientation angles of 31.1°, 67.1°,
and 45.4°, suggesting there is no obvious correlation be-
tween boundary misorientation angle and oxygen concen-
tration in Y 1:2:4.

B. Magnetic measurements

The magnetic studies were conducted to establish the
presence or absence of weak intergrain connectivity, i.e.,
“weak links” between grains.’ In the first set of measure-
ments the sample was cooled from above T, to 5 K in
zero field (ZFC). At low temperature, a small magnetiz-
ing field in the range 2—-60 G was applied, which induced
a circulating supercurrent. If the induced supercurrent
density J is smaller than the intergrain critical current
density J, ;> then the entire sample volume is screened
so that the internal flux density B is zero. The corre-
sponding ZFC susceptibility y is 1/4m. For this low field
study, we define magnetization M =m /V, where V is the
geometrical volume of the superconductor. Then
Xobs—=M /H is the observed dc susceptibility, measured in
the applied field H. The true susceptibility, corrected for
demagnetizing effects, is then y=M /(H —4wDM). The
demagnetizing factor D is small for the elongated
geometry of the sample,3? with an approximate value

GRAIN-BOUNDARY CHEMISTRY AND WEAK-LINK BEHAVIOR . ..
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TABLE 1. Misorientation angles and rotation axes deter-
mined for the grain boundaries summarized in Fig. 8.

No. of GB 0 (deg) n
1 314 [0.982, 0.187, 0.0]
2 54.6 [—0.985, —0.162, —0.05]
3 88.6 [0.999, 0.002, 0.05]
4 75.8 [—0.982, —0.184, —0.04]
5 12.9 [—0.543, 0.809, —0.224]
6 3.0 [1.0, 1.0, 0.0]
7 28.7 [—0.680, 0.732, 0.001]
8 36.7 [0.404, 0.904, —0.139]
9 75.6 [—0.976, —0.217, 0.0]
10 36.3 [—0.803, —0.591, —0.08]
11 73.0 [—0.599, 0.826, 0.066]
12 53.7 [—0.732, —0.679, 0.048]
13 24.7 [—0.543, 0.839, —0.02]
14 53.4 [—0.944, —0.301, —0.133]
15 449 [0.292, 0.804, 0.517]
16 71.9 [—0.045, —0.1, 0.08]
17 41.6 [0.378, 0.799, —0.466]
18 44.5 [—0.267, —0.565, 0.781]
19 379 [0.786, 0.555, —0.277]
20 89.1 [—0.808, —0.588, 0.02]
21 77.9 [—0.719, —0.694, 0.02]
22 88 [0.86, 0.494, —0.035]
23 31.1 [0.901, —0.428, —0.06]
24 67.1 [0.64, 0.77, 0.01]
25 45.4 [—0.92, —0.393, 0.01]
26 59.7 [0.772, 0.636, 0.019]

D =0.195 as given by Zijlstra.3* Figure 9 shows results
of the ZFC measurements versus temperature 7, where
plotting 47y means that perfect shielding corresponds to
—1. At low temperatures T~5 K, we have 4ry=—1
within experimental error, so the induced current flowed
in the near-surface region with current density J <J_ ;-

With increasing temperature, the intergrain critical
current density J, . (7) decreases. When J exceeds
J. inter» the external field penetrates the sample and 4wy
decreases in magnitude. In the presence of weak links,
this occurs at some temperature below T',. In fact, Fig. 9
reveals a series of “knees,” followed at higher tempera-
tures by a flatter region with 47y~ —0.5. This latter di-
amagnetism originates from screening of the interior of
individual grains. This screening is incomplete, since the
magnetic penetration depths A,, and A, have the same
order of magnitude as the grain dimensions. Any sample
porosity also contributes to the effect of reduced dia-
magnetism. Finally, at still higher temperature, we have
4wy —0 at the T, of the grains. This type of analysis is
discussed more fully in a recent monograph.**

The presence of the knees and their strong dependence
on magnetic fields give conclusive evidence for the pres-
ence of weak intergrain links. In particular, increasing
the measuring field H causes the position of the knee to
move rapidly downward in temperature. This is a conse-
quence of both the well known, extreme sensitivity of
Je inter to small magnetic fields, along with the induction
of larger currents by higher fields. Figure 10 is a plot of
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FIG. 9. Magnetic susceptibility data for the Y 1:2:4 sample.
FC (3G): sample cooled to 5 K in a 3 G field. For ZFC (3G);
sample cooled to 5 K in zero field, 3 G field applied, and sample
warmed to 7> T,.

the “decoupling” field, defined by the position of the
knee, versus temperature. This decoupling field increases
approximately linearly as 7 decreases, with a slope
dH /dT = —1.5 G/K. The feature can be viewed as the
critical field slope for the weak links.

An explanation involving secondary superconducting
phases is ruled out because apparent “T,” (the knee) de-
creases with field at an unphysically high rate. This kind
of explanation is also incompatible with the sample char-
acterization data given in Sec. II. Very similar mag-
netic behavior was observed in polycrystalline
T1,Ca,Ba,Cu;0,, materials, where complementary trans-
port studies of J ;,,.r and dc characterizations were per-
formed.

Meissner signals were also investigated. When cooled
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FIG. 10. Decoupling field (knee in Fig. 9) vs temperature.
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from above T, in an applied magnetic field [field cooled
or (FC)], the superconductive grains expelled a portion of
the magnetic flux. The bulk Meissner Effect was incom-
plete, giving 47y = —0.3 for all fields in the range 2—60
G; an example is included in Fig. 9. Reasons for the in-
complete Meissner effect include flux pinning by defects
within the grains; penetration of the grains near surface
to depth ~A, where A is the London magnetic penetra-
tion depth;*®37 and porosity. In the FC studies, there is
no structure in 47y at the temperatures of the knees, as
should occur if these were secondary phase superconduc-
tors. This gives further reason to reject such an explana-
tion for the observed temperature and field dependence of
the dc susceptibility.

V. CONCLUSIONS

Studies using many techniques have shown that grain
boundaries in Y 1:2:3 are both nonstoichiometric and
weak linked, indicating a possible relationship between
boundary chemistry and critical current density. The
data for Y 1:2:4 presented in this paper, however, show a
different behavior. The results for Y 1:2:4 demonstrate
that apparently stoichiometric grain boundaries can also
form weak links between superconducting grains. It
might be argued that the important compositional varia-
tion is below the limit of detection, but the data certainly
show that the Y 1:2:4 boundaries are much more
stoichiometric than the grain boundaries in polycrystal-
line Y 1:2:3.' The two sets of observations for Y 1:2:3
and Y 1:2:4 therefore indicate that weak-link behavior is
probably an intrinsic phenomenon associated with high
angle boundaries. As shown in Table I, many of the
boundaries are actually high angle boundaries. The ob-
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servation that boundaries covering a wide range of
misorientations are all essentially stoichiometric also in-
dicates that, at least for Y 1:2:4, grain-boundary energy
has little influence on grain-boundary chemistry.

The results are also relevant to the suggestion that the
hole state is associated with supercurrent formation.
Hole states (or pre-edge peaks) were detected in Y 1:2:4
at virtually every point analyzed, including the grain
boundaries only poorly. Since the boundaries of poly-
crystalline Y 1:2:4 transmit the supercurrent only poorly,
the connection between the formation of hole states and
supercurrent seems questionable. It is also possible that a
different mechanism, which is responsible for the creation
of the observed pre-edge peak, may be involved in Y 1:2:4
in comparison to that in Y 1:2:3.

It should be noted that although the magnetization
measurements indicate that randomly oriented polycrys-
talline Y 1:2:4 is weak linked, the possibility remains that
clean grain boundaries in c-axis oriented Y 1:2:4 may ex-
hibit better properties than boundaries in c-axis oriented
Y 1:2:3. Results recently reported by Masur et al. 3% indi-
cate c-axis aligned Y 1:2:4 in multifilamentary
Ag/superconductor composites prepared by an oxidation
of metallic precursor process exhibited reduced weak-link
behavior.
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FIG. 1. Polarized light optical micrograph of the Y 1:2:4
sample.



FIG. 2. TEM images of Y 1:2:4 showing clean and straight
grain boundaries that have been analyzed by EELS and EDS.



