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1. SUMMARY
1.1 OBJECTIVES
The primary objectives of this superconducting research effort over the past three years
have been:
(1) to understand the nature of the resistive and magnetic transitions observed near
room-temperature,
(2) toidentify the material conditions responsible for these transitions, and
(3) toimprove the material characteristics as well as its properties.
Other more fundamental issues have arisen during the course of our investigations which
have led to the inclusion of the following objectives as well:
(4) to investigate the nature of unusual magnetic phenomena including the
paramagnetic Meissner effect and :
(5) to study the properties associated with intrinsic Josephson junctions in the
cuprate superconductors.
The progress in attaining these objectives is presented in the next sections.

1.2 HIGHLIGHTS
Since our previous annual technical reports described in more detail our
superconductivity research activity on materials responsible for the above 200-K
superconducting transitions, their synthesis conditions, and their physical properties, we
will only highlight the primary results accomplished during the past three years in this
section.
(1) The electrical and magnetic characterizations of near-room-temperature phenomena in
multi-phase YBaCuO ceramic samples:
- improved reproducibility of phenomena by utilizing high-pressure oxygen
measuring atmosphere.
(i) The electrical and magnetic characterizations of near-room-temperature phenomena in
nominal YBayCu307.§ single crystals:
- electrical transitions suggest two superconducting phases at 280 K and 340 K
which are dependent upon the current bias and self-magnetic fields
- zero-field-cooled magnetization (ZFCM) is more diamagnetic than the field-
cooled-magnetization (FCM)
- the difference between the FCM and ZFCM decreases with increasing magnetic
field strength with the ZFCM/H data approaching the FCM/H.
(i) The synthesis and material characterizations of the phase responsible for reproducible
flux-trapping phenomena at 336 K in multiphase YBaCuO ceramic samples:
- systematic DTA/TG studies indicate required synthesis conditions
- DTA/TG and XRD studies suggest an oxygen-deficient, non-123 YBaCuO phase
is responsible for 336-K transition.




(iv) The magnetic characterization of the flux-trapping hysteretic behavior observed in the
vicinity of 336 K:
- the difference between the FCM and ZFCM decreases with increasing magnetic
field strength with the ZFCM/H data approaching the FCM/H data
- the appearance of a weak ferromagnetic-like, field-cooled-magnetization (FCM)
being consistent with a canted antiferromagnetic order of the Cu moments.
(v) The elimination and induction of the paramagnetic Meissner effect (PME) in Nb disks
reproducibly:
- the PME is not unique to cuprate superconductors
- the observation that the PME is dependent upon the surface microstructure,
sample geometry, and surface pinning
- the PME is neither an intrinsic property of the superconductors nor related to
the symmetry of the order parameter.
(vi) The existence of intrinsic Josephson junctions in YBapCu307.g single crystals
- modulations in dynamic resistance observed as a function of magnetic field

- junction spacings from flux quantization conditions are indicative of intra- and
inter-unit-cell lengths in YBapCu3O7.§
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2. STUDIES ON CERAMIC MULTI-PHASE YBaCuO SAMPLES

In our studies on ceramic multi-phase YBaCuO samples, one critical condition for
observing and reproducing a zero-resistance transition having a T, above 200 K is to keep
the specimen in an Oy environment continuously during the electrical measurements as it is
thermally cycled through the transition temperature. However in other experiments, such
as microwave and magnetization measurements, anomalous high-T; phenomena can be
observed even when the specimens are not kept in an oxygen environment. One possible
explanation for these different experimental observation conditions is that diffusion of
oxygen molecules into a solid at room temperature is limited. Thus this process results in
only the material near the surfaces of grains being affected by the oxygen diffusion and the
formation of the higher-T; material. In the microwave and magnetization measurements,
disconnected granular shells can still contribute to an observable signal even though flux
trapping can dominate the magnetization response. However, the observation of zero-
resistance requires a continuous path of these "good" surfaces, i.e., good connectivity
between the granular shells of the higher-T, material. In order to determine the effect of
low-temperature oxygen diffusion on the granular YBaCuO materials, the resistance of
several multi-phase Y5BagCuy1Oy ceramic samples were monitored over time while
continuously being maintained in an O gas at 2 to 10 atms of pressure and temperatures up
to 380 K. Typically, the resistance of the samples decreased at room temperature with
decreases as large as an order of magnitude. Also the temperature dependence below 300
K changes from linear to a concave upwards behavior, a clear indication of a material
change caused by the low-temperature oxidation. (See Fig. 2-1.) This oxidation results
from an increase in the volume fraction of the higher-T, superconducting phase and an
increase in the conductivity of the intergranular regions, both contributing to overall
resistance decrease. However repeated thermal cyclings can also have a deleterious effect
on the intergranular coupling as the thermal expansion and contraction between grains can
result in poorer mechanical contact. We believe this later effect can dominate the measured
resistance in the ceramic YBaCuO samples and prevents electrical measurements from
showing zero-resistance transitions more frequently in these samples.

Even though there is difficulty in observing zero-resistance transitions in these multi-
phase ceramic samples, indications of superconductivity by the appearance of a hysteretic
behavior between the zero-field-cooled-magnetization (ZFCM) and the field-cooled-
magnetization (FCM) are observed more frequently. However these magnetic results are




less conclusive for a superconducting transition since a truly diamagnetic response below
these higher transition temperatures has not been observed to date. During the period of
this report, one-third of the nominal YsBagCuj10y ceramic samples measured in our
SQUID magnetometer exhibited a hysteretic behavior near room temperatures. This
hysteretic behavior is typified by a weak, temperature-dependent divergence of the ZEFCM
from the more paramagnetic-like FCM. (See Fig. 2-2.) The FCM above 100 K can be
totally accounted for by adding the magnetic contributions from the major crystalline phases
found in these 5:6:11 samples (YBaCu30y, Y2BaCuOs, and CuO) and from the sample
holder. Thus the differences in the ZFCM from the FCM can be attributed to other
minority phases in the sample, including higher-T, superconducting phases. For such a
superconducting phase in a predominately paramagnetic host material, one would expected
that the ZFCM to be less paramagnetic than the FCM since a small diamagnetic response
would be generated by the induced shielding currents (flux exclusion) when the magnetic
field is applied after cooling below T¢ in zero field. Likewise no detection of the
superconducting transition in the FCM measurements would be expected since flux
trapping in these thin and probably discontinuous superconducting granular surfaces would
cancel the diamagnetic shielding contribution.

One of the ceramic Y5BagCuj10y samples after a lengthy high-pressure oxygen anneal
(over 10 atm Oy for nearly one month at 100°C) exhibited a more distinctive,
superconducting-like transition at 310 K for two different magnetic fields as shown in Fig.
2-3. The ZFCM deviates from the paramagnetic-like FCM over a 10-K temperature range
and maintains a nearly constant diamagnetic difference from the FCM at lower
temperatures, as if the ZFCM response simply consists of a diamagnetic response from a
small "bulk-like" superconductor and a paramagnetic response from a much larger non-
superconducting material. In addition, there are discontinuities (jumps) in the ZFCM data
in the temperature range between 270 K and 290 K. These discontinuities always tend to
go from a more diamagnetic response at lower temperatures to a more positive response at
higher temperatures, very reminiscent to flux jumps observed in some inhomogeneous
superconducting materials.

In summary, the aforementioned electrical and magnetic features near room temperature
are consistent with superconducting transitions in multi-phase samples where the
nonsuperconducting regions dominate the overall measured responses. These properties
are consistent with thin material phases that reside on or near the surfaces of the 1-2-3




granules. In fact, these phases may be the result of an interfacial region having a thickness
of 1 to 10 nm. This thickness would result in very small critical currents and thus explain
the difficulty in observing zero-resistance transition. Similarly, this thickness would be
substantially less than the penetration depth and correspondingly suppress the diamagnetic
response in the magnetization measurements. Until this higher-T¢ superconducting phase
can be synthesized in a greater volume fraction in these ceramic samples, the reproducibility
of zero-resistance transitions and clear diamagnetic transitions will be quite small. A more
successful approach is suggested in the next section describing our work on nominal
YBayCu307.5 single-crystal samples.

3. STUDIES ON NOMINAL YBa2Cu307.5 SINGLE CRYSTAL SAMPLES

As we first reported in 1991, we have observed a strong anisotropic behavior in the
electrical resistance on several nominal YBapCu307.g single crystal samples grown in our
laboratory.[1] This anisotropic behavior is characterized by the resistance along the ¢ -axis
exhibiting a semiconducting-like temperature dependence until 90 K where the well-known
superconducting transition of the 1-2-3 superconducting phase occurs, while zero-
resistance transitions are observed in the 240 K to 270 K range for currents along the
surfaces (a-b plane) of these crystalline samples.  Since the oxidation studies on the
ceramic YBaCuO samples indicated surface oxidation may lead to the observation of near-
room-temperature resistive transitions, we have performed more electrical and magnetic
measurements on nominal single crystals during this contract period.

Extensive electrical measurements on nearly twenty crystal samples in oxygen pressures
as high as 10 atms indicate the importance of maintaining an O environment around the
sample during the measurements, especially if reproducible resistive transitions are to be
observed near room temperature. Secondly, extreme care must be taken while cooling the
sample through the transition region as flux trapping can occur which can lower the T,
diminish the size of the resistive change, or even eliminate the observation of the resistive
transition as the higher resistance state is maintained. The flux trapping not only occurs
because of the presence of stray magnetic fields but also by self-fields generated by external
bias currents or thermal emfs. Consequently, slow cooling of the sample through the
transition in the absence of any current is the preferred technique for performing electrical
measurements.



Two crystals from two different batches measured in 1 atm of O exhibited small bumps
or changes in slope in the vicinity of 280 K which indicated some electrical property
change; however, the data was inconclusive as to whether these features could be
associated with a superconducting transition or not. Five other samples measured in 10
atm of O clearly show resistive changes in the vicinity of 340 K and 280 K. The resistive
data for one particular sample (#GY0026D-2) could be fairly well understood in terms of
two superconducting transition temperatures. The 340-K transition was observable in the
plane of the crystalline platelet sample and only during the warming cycle after cooling in
zero current. (See Fig. 3-1.) A high-resistance state of approximately 2 Q can easily
dominate the lower-temperature measured resistive features if a bias current was applied
before cooling through the transition. The resistive transition at 280 K showed a hysteretic
behavior with a lower T measured during the cooling cycle and a larger T during the
warming cycle as shown in Fig. 3-2. These features are very analogous to the hysteretic
behavior observed in a weak-link superconductor or a conventional Josephson junction
with a very small critical current. The presence of a bias current in these weak
superconducting junctions can create a large enough self-field to lower the transition
temperature or even completely suppress the transition. Consequently we speculate that
both of these transitions are superconducting in nature even though the resistance never
actually goes to zero. This interpretation is further supported by the magnetization studies
which showed a hysteretic behavior between the zero-field-cooling and field-cooling
measurements developing at similar temperatures.

Of 13 nominal single crystal samples measured in the SQUID magnetometer, four
exhibited near-room-temperature hysteretic behavior, i.e., the zero-field-cooled-
magnetization (ZFCM) is more diamagnetic than the field-cooled-magnetization (FCM)
below the transition temperature as clearly shown in Fig. 3-3 for an applied field of 100
Oe. However, it should be pointed out that the magnetization for most of those samples
not exhibiting a hysteretic behavior were performed in fields of less than 5 Oe which might
be too small of a field for the sensitivity necessary to detect a difference between the ZFCM
and the FCM responses. For two samples including one from a single crystal batch

exhibiting near-room-temperature resistive transitions, the magnetic hysteresis developed at

about 310 K with an uncertainty of + 10 K due to instrumental scatter of the data. For
fields between 50 and 250 Oe, the FCM/H data (FCM divided by the applied magnetic field
H) are essentially the same; however, the ZFCM/H data are independent of field for lower
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field strengths and for the larger fields increase towards the FCM/H data resulting in a
smaller hysteresis as shown in Fig. 3-3. Thus the ZFCM/H becomes less diamagnetic with
respect to the FCM/H for increasing field strengths even though the overall magnetic
response is positive in sign. This behavior is qualitatively similar to the magnetic
susceptibility for an inhomogeneous superconductor where ZFCM/H has its maximum
diamagnetic response for the lowest field strengths and decreases towards zero for larger
fields when the field is greater than the lower critical field Hc1. The FCM/H is always less
diamagnetic than the corresponding ZFCM/H and can even be zero for low fields if the flux
trapping is nearly equal to the diamagnetic flux exclusion response due to the increasing
viscous nature of flux with decreasing temperature. For granular superconducting
samples, the FCM/H is typically one-third of the maximum ZFCM/H result; however, this
fraction can be substantially reduced if the superconducting sample has large interior
regions of non-superconducting areas and strong pinning sites as is the probable case for
the nominal single crystal samples.

Figure 3-4 shows the magnetic behavior of a third sample (#GY0026D-2) which is the
same one exhibiting the resistive drops at 280 K and 340 K shown in Figs. 3-1 and 3-2.
The ZFCM/H and FCM/H results are qualitatively similar to those described in the
preceding paragraph, except the hysteresis begins in the vicinity of 340 K and the ZFCM/H
and FCM/H at 500 Oe nearly coincide. Although the sign of the magnetic responses are
positive, the relative magnetization changes between the ZFCM/H and the FCM/H show a
diamagnetic-like character. This diamagnetic character can be further enhanced by noting
that the FCM/H data for 500 Oe can be fit to the normal-state susceptibility measured for a
single-phase 1-2-3 sample as indicated by the solid lines in these figures. Thus not only
does the ZFCM/H data indicate the presence of a diamagnetic response below 340 K, but
the FCM/H data for the lower fields is also diamagnetic in nature and becomes more
diamagnetic for lower field strengths as well. The magnetization results for another
nominal single crystal sample (#GY0026D-1) from the same batch exhibited nearly
identical behavior for similar field strengths. The overall similarity of this magnetic
behavior to that for an inhomogeneous superconductors supports the conclusion that these
crystalline samples have a superconducting phase with a T¢ near 340 K, in agreement with
the electrical measurements.
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4. STUDIES ON MATERIALS EXHIBITING A 336-K TRANSITION

As reported in an earlier annual reports, unusual magnetic transitions have been
observed at 336 K for three different batches of granular YBaCuO samples. These
transitions are characterized by the zero-field-cooled-magnetization (ZFCM) being
featureless with only a weak temperature dependence in the range of 300 K to 360 K while
the field-cooled-magnetization (FCM) shows a fairly sharp, positive increase below 336 K
which remains essentially a constant value above the ZFCM at lower temperatures as
shown in Fig. 4-1. Although this magnetic behavior is uncharacteristic for a bulk
superconductor at its transition temperature, we have observed resistive drops in the same
temperature range in other ceramic YBaCuO samples and nominal YBayCu3O7.§ single
samples. (See preceding two sections.) Furthermore, one of the earliest reports of zero-
resistance transitions above room temperature was at 340 K in a YBaSrCu3O7 sample
reported by a Japanese group.[2] The strong coincidence in the 340-K temperature
between these various superconducting-like results suggested a more thorough study
should be pursued. We have correspondingly pursued a three prong attack to this problem.
(1) We have systematically studied the synthesis conditions for growing samples which
exhibit this 336-K transition by utilizing our simultaneous differential thermal analyzer and
thermogravimetry (DTA/TG) system. (ii) Subsequently we have utilized x-ray diffraction
(XRD) and electron microscopy to assist in the identification of possible crystal phases
and/or structural feature that could be associated with the appearance of the 336-K
transition. (iii) In addition, we have tried to characterize the nature of this transition more
fully and its possible relation to surface superconductivity. During the past 36 months,
over one hundred-fifty ceramic YBaCuO samples were tested for the poss'ible existence of
the 336-K transition by low-field magnetization measurements, with nearly 50% exhibiting
some indication of this unusual magnetic behavior.

The first phase of this research was to repeat the synthesis conditions utilized in the
previous preparation of nominal YsBagCuj1Oy samples exhibiting this 336-K magnetic
transition. Five different batches of 5:6:11 (Y:Ba:Cu) nitrate and oxide powders were
mixed and homogenized in a nitric acid solution. After heating to 950°C in flowing O for
18 hours, the reacted powders were quenched to room temperature in air. This procedure
was repeated four more times with intermediate grindings. Out of the five batches, samples
from only two batches clearly exhibited the characteristic magnetic behavior at 336 K. (See
Fig. 4-1 for the magnetic characteristics for a sample from these batches.) Even though the
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synthesis conditions were the same, the lack of total reproducible results indicated a more
systematic and informative approach to the synthesis procedure, such as afforded by the
DTA/TG system, would be beneficial. This was especially true since a knowledge of the
reaction processes during the cooling cycle could be easily monitored.

Utilization of the DTA/TG system in the sample synthesis permitted the variation of
several parameters including the relative Oy partial pressure, the inert gas to be utilized,
different final heating temperatures, different hold times at the highest temperatures. Also
variations in the relative Y:Ba:Cu compositions as well as in starting materials were tested.
(See Table 1) The following summarizes our findings of the synthesis conditions for
increased probability of growing samples which will exhibit the 336-K magnetic transition.

(1) Heating in a pure Ar gas flow rather than in He or Ny gas flow.

(2) Minimizing the Oy present from the outgassing of unreacted samples.

(3) Presence of a sharp solidification peak in the DTA data during the cooling cycle is
beneficial, but not absolutely necessary. (See Fig. 4-2.)

(4) Disappearance of 336-K magnetic transition dependent upon annealing time,
temperature, and gas. The FCM becomes coincident with the ZFCM after a long-time (24
hr) anneal in O, at 500°C - 600°C. The 336-K transition reappears in the sample after a

subsequent 800°C Ar anneal.
(5) Starting compositions or materials play a secondary role in the formation of samples
exhibiting the 336-K transition as long as excess CuO is present.

:2.75 nitrates & oxides powders & HNOj3 yes

1:2

1:2:3 YBayCuzOy no
1:2:4 YBayCuz07 & CuO no
1:2:4 YBajCuyOg (trace BaCuO») yes
1:2:4 nitrates & oxides (Y gCag2SrBaCugO) no
4:5:9 YBayCug0g & Y2BaCuOs yes
4:5:9 carbonates yes
4:5:9 nitrates & oxide powders & HNO3 yes
2:2:4 carbonates yes
1:3:5 nitrates & oxide powders & HNOj3 yes
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Also since the majority of these samples were grown in flowing Ar and not pressed into
pellets, the samples are highly resistive, or even insulating, and thus electrical
measurements are not available.

Depending upon the final heating temperature, a maximum of six different reactions can
be observed during the heating cycle in samples containing Y:Ba:Cu ratios of 1:2:4 and
4:5:9. (See Figs. 4.3 - 4.4.) These include the decomposition of YBa,Cu,O, into the 123
phase and CuO, the e1* and e2 eutectic reactions, the p1 and p2 peritectic reactions, and the
c3 melting reaction with the corresponding reaction temperatures decreasing with
decreasing oxygen partial pressure. All of these reactions have been previously described
in the literature[3,4] except for the e1* eutectic reaction. The temperature of this reaction is
consistently higher than the reported el eutectic associated with the 123 phase reacting with
BaCuO, and CuO to form a liquid phase. Instead, the el1* eutectic appears to be the result
of the 124 phase or the intermediate Y,Ba,Cu,O,; (247) phase reacting with BaCuO, and
CuO and forming a liquid melt. Since the 124 phase can transform into the 247 phase and
CuO before decomposing into the final products of 123 phase and CuO, we cannot
distinguish which is the more appropriate reactant. The identification of the el* reaction
has gained added importance since a couple of DTA/TG measurements on 1:2:4 samples
indicated that the heating temperature had only to exceed this e1* reaction temperature in
order for samples to exhibit the 336-K magnetic transition and not necessarily the eutectic
e2 or peritectic p2 reaction temperatures. The determination of which of these two
reactions - e1* or 2/p2 - is more important, is still uncertain because of the close proximity
in their respective reaction temperatures and the overlap of their respective broad
endothermic peaks.

Structural and surface studies by XRD and SEM are presently unable to provide a clear
indication of the phase associated with the 336-K transition in these multi-phase samples.
XRD data indicate a few common features present in those samples exhibiting the 336-K
transition. First, the predominate phases in most samples are the nonsuperconducting
tetragonal YBapCu3Og and the insulating Y2BaCuOs structures with smaller amounts of
insulating Cu20 and BaCuz0,. However two sets of peaks associated with the tetragonal
1-2-3 phase are anomalous: the intensities of the (103)/(013) and (110) peaks are nearly
equal in magnitude although the ratio should be closer to 2:1; and the relative intensities for
the (003) and (100)/(010) do not agree the literature values. (See Fig. 4-5 to 4-7.) This
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suggests a possible distortion of the lattice or chemical substitution for certain atoms in
these particular planes. Also it should be pointed out that magnetization data below 100 K
show a clear diamagnetic response below 60 K, indicating the presence of the
superconducting YBapCu3Og s phase. Since this phase is not observed in the XRD
patterns, this phase represents less than 2% of the sample or possibly exists as a thin
surface layer. Furthermore since the maximum temperatures during the DTA/TG synthesis
of many samples exceeded the peritectic melting temperature, these samples have some
melting occurring which is supported by the SEM topographical studies.

These most recent DTA/TG findings in conjunction with the XRD data have lead us to
speculate that the 124 or 247 phase decomposes in an Ar environment at e1* into another
oxygen-deficient, non-123 Y-Ba-Cu-O phase and is responsible for the magnetic
phenomenon. The formation of this phase is extremely slow and is more easily detected in
the DTA/TG measurements by the recrystallization process from the Ba-Cu-rich liquid melt
as indicated by the appearance of an exothermic peak in the cooling curves near 850°C
when 1:2:4 and 4:5:9 samples have been heated above the e2 and p2 reaction temperatures.
The identification of this non-123 phase has not been successful to date because the
sluggishness of its formation during the cooling prevents sufficient quantities from being
formed and subsequently detected by normal XRD measurements. Furthermore, the
oxygen stoichiometry of this phase is critical as a small oxygen partial pressure (10 bar) is
sufficient to prevent the formation of the correct oxygen-deficient YBaCuO phase
responsible for the 336-K magnetic transition. Nevertheless, this latter feature has
provided some insight into the nature and origin of the magnetic hysteresis.

The last aspect of this research is the study of the nature of this 336-K transition. An
investigation of the magnetic field dependence of the FCM showed the abrupt, positive
increase below 336 K to be essentially field independent for fields from 0.5 to 1000 Oe.
On the other hand, the ZFCM began to exhibit an increase just below 336 K for fields
above 10 Oe as shown in Figs. 4-8 to 4-10. This behavior is reproducible as
measurements repeated many times on a given sample resulted in the same ZFCM and
FCM within the sensitivity of the SQUID magnetometer. Some of the measurements were
performed after the sample had been placed in a desiccator for two years. In addition, the
change in the sémple orientation and after pulverization of a sample had no effect on the
observed magnetic behavior nor the 336-K transition temperature.
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These features at 336 K can be best understood in terms of the realignment of the
moments of a canted antiferromagnet where the moments in the field-cooled measurements
would realign along the field direction giving rise to an enhanced, ferromagnetic-like
component in the magnetization. This type of canted antiferromagnetism or weak
ferromagnetism has been previously reported in the La,Cu0Q, T-structure and Nd,CuO, T'-
structure.[5-7] A slight deviation from the perfect tetragonal symmetry of these crystal
structures gives rise to antisymmetric exchange interaction, known as the Dzyaloshinsky-
Moriya (DM) interaction,[8,9] between the Cu moments which causes a canting of the Cu
moments away from a strictly antiferromagnetic alignment. In the presence of a magnetic
field, the canted Cu moments line up in the direction of the applied field and produce a
weak net magnetization of the Cu moments. This gives the appearance of a spontaneous
ferromagnetic-like transition in the FCM curves. The deviations that give rise to the DM
interaction and eventual weak ferromagnetism may be in the form of temperature-dependent
structural changes resulting from lattice defects and variance in the oxygen stoichiometry.
This type of scenario is consistent with the presence of a small amount of an
antiferromagnetic, oxygen-deficient YBaCuO phase being responsible for the 336-K
magnetic transition. However, until sufficient quantities of this material phase are
synthesized, there will remain some question as to the exact nature of the 336-K magnetic
transition as well as the identification of the material phase itself.

S. STUDIES OF THE PARAMAGNETIC MEISSNER EFFECT

The paramagnetic Meissner effect (PME) or Wohlleben effect is a characteristic property
of certain superconducting samples whose field-cooled-magnetizations (FCM) are positive
below their superconducting transition temperature T,, instead of the usual diamagnetic
behavior associated with the Meissner effect. The first reports of this PME behavior were
on certain melt-cast BiSrCaCuO samples[10,11] in which the FECM/H became increasingly
positive with decreasing magnetic fields suggesting that spontaneous currents would be set
up in the limit of zero field. This unusual magnetic phenomenon naturally led to several
speculations as to its origins, including spontaneous orbital currents arising from 7-
junctions formed at superconducting grain boundaries.[12] These spontaneous currents
could occur as the result of the t-phase shift in the tunneling process between two d-wave
superconductors joined at different crystallographic orientations.[13] Consequently the

observation of the PME has been cited in numerous papers as supporting evidence for d-
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wave superconductivity in the cuprate superconductors. Thus there has been great interest
in further elucidating the nature of this effect and its origin. In previous annual technical
report, we presented results of a similar observation of a paramagnetic Meissner effect in
Nb disks. Our work[14] clearly points out that the PME is not unique to the high-T,
superconductors and probably not related to the symmetry of the superconducting order
parameter since Nb is a conventional s-wave superconductor. In this report, we provide
additional details of the magnetic and material characteristics of the Nb disks that exhibit the
PME.

The diamagnetic shielding and flux expulsion for nearly two dozen Nb disks have been
~ studied as a function of temperature and magnetic field. Figure 5-1 displays the low-field
dependence of both the zero-field-cooled magnetization (ZFCM) and the FCM for fields
applied perpendicular to the surface of a typical (untreated) 0.127-mm thick Nb disk. At
the lowest temperatures, the ZFCM/H shows complete shielding with the magnitude of the
diamagnetic signal being approximately 22 times larger than -V/4r due to the local field
enhancement arising from the geometric demagnetization factor for this disk-field
orientation. With increasing temperature, the ZFCM data indicate the presence of two
major diamagnetic transitions at 9.06 K and 9.2 K, the latter being strongly field-
dependent. This strong field-dependent behavior in conjunction with the large decrease in
the magnitude of the ZFCM/H suggest that the local field at the disk's edge exceeds the
lower critical field H,,(T) in the temperature range above 9.06 K. The appearance of two
transitions is also apparent in the field-cooled measurements with decreasing temperature.
Initially the FCM shows a weak diamagnetic response below 9.26 K, followed by an
abrupt increase in the FCM at 9.20 K which continues to increase until at 9.06 K where the
FCM becomes essentially constant. One should also note that the temperature associated
with the abrlipt FCM increase is identical to the temperature where the large diamagnetic
response in the ZFCM data becomes nearly zero. In fact, the temperatures associated with
these two features remain correlated for other samples even though the features can occur at
various temperatures between 9.08 K and 9.24 K depending upon different sample
treatments. It should be further noted that the appearance of the shoulder in the ZFCM
occurs in all of our Nb disks exhibiting the PME as well as those reported by the Argonne
group.[15] This indicates that a material characteristic associated with the observation of
the PME is that these Nb disk samples are inhomogeneous superconductors with variations
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in their T,. This characteristic of inhomogeneous superconductivity was even evident in
some of the earliest PME work{11] on the BiSrCaCuO samples.

Another unusual characteristic associated with the PME in the Nb disks is the nearly
"ideal” Bean model-like hysteresis curves in the temperature range of the ZFCM shoulder
0f 9.05 t0 9.15 K as shown in Fig. 5-2. After an initial linear rise in the magnetization due
to the edge screening currents maintaining complete flux exclusion, the magnetization
becomes nearly field-independent indicating a large resistance to the movement of magnetic
vortices into the sample. This large viscosity is further evidenced by the reversal of the
screening current direction upon a decrease in the magnetic field after reaching the
maximum field strength of 5 Oe. The origin for the very viscous nature of the vortices is
unclear at this time, but it is reasonable to speculate from the surface morphology that the
cold-rolled process has created numerous voids and serrations which act as effective
pinning sites. Perhaps the interaction between the screening currents and the flux being
trapped near the circumferential edges is sufficient to prevent further vortex movement into
the disks.

Another magnetic feature of the Nb disk samples is that only diamagnetic responses are
observed for both the ZFCM and FCM when fields are applied parallel to the disk surfaces.
(See Fig. 5-3.) With increasing temperatures, the parallel-field data show a large
diamagnetic transition at about 9.06 K with the remaining 10% of the signal showing a
more gradually decrease until it vanishes at 9.26 K. Also the field dependences at all
temperatures are extremely weak. This anisotropic behavior indicates a preferred
orientation of the sample with respect to the magnetic field direction in order to observe the
PME, i.e., the field should be perpendicular to the largest geometric dimensions. This
observation is also consistent with the recent observation of the PME on YBaCuO single
crystal samples.[16]

The occurrence of the PME is also predicated on the surface microstructure. As
previously reported,[14] altering the surface by mechanical abrasion, oxygen annealing,
and chemical etching can have a profound effect on the PME, including its elimination.
Figure 5-4 demonstrates the reduction and eventual elimination of the PME as well as of the
shoulder in the ZFCM data through a sequence of mechanical sanding of both the top and
bottom disk surfaces. For this particular disk, the removal of about 5 um from both
surfaces was sufficient for the PME to completely disappear. In addition to the
disappearance of the PME, the ZFCM data show a singular diamagnetic transition which
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has shifted to higher temperatures even though less than 10% of the total sample volume
was removed. This points out that surface microstructure not only plays a significant role
in the PME formation but also affects the ZFCM which often is thought to represent the
"bulk" nature of the superconducting sample's volume and temperature.

Further evidence that the surface microstructure is crucial to the occurrence of the PME
is found in the following set of experiments. Nb disks of 0.25-mm thickness, which have
a similar surface morphology as the thinner 0.127-mm thick disks, do not exhibit the PME
as seen in Fig. 5-5. After implanting both sides of a 0.25-mm thick Nb sheet with 200 keV
Krions at 6 x 10'® dose/ cmz, disks punched from the implanted sheet exhibited ZFCM and
FCM for perpendicular fields strikingly similar to those of the thinner Nb disks exhibiting
the PME. (See Fig. 5-5.) These results include the appearance of a positive FCM/H
response below 9.17 K which increases with decreasing fields and the shoulder in the
ZFCM data above 9.07 K with its strong field dependence. Furthermore, only diamagnetic
ZFCM and FCM responses were observed in the parallel orientations for the ion-implanted
disks while the PME characteristic behavior vanished after mechanical abrasion of both
surfaces. The penetration of the Kr ions into the Nb disk is restricted to about the first 100
nm below the surface. This relatively shallow penetration is sufficient to induce the PME
by creating a variation in the T, near the disk surface as well as leading to defect structures
for enhanced flux pinning. In contrast, thinner Nb disks (t=0.025 mm) did not exhibit the
PME either before or after identical ion implantation. Hence it is not simply a matter of the
Kr jons introducing a paramagnetic moment by virtue of their presence in the sample.
Rather, the surface microstructure plays the key role in the appearance of the PME in these
Nb disks and must be related to the geometric dimensions of the sample. Due to the
preferred perpendicular field orientation for observing the PME, the thickness of the disks
compared to the depths of the surface microstructural features is the most probable
dimension to be considered.

Our investigations suggest the PME arises from inhomogeneous local field distributions
resulting from the sample geometry and microstructural surface features including
variations in the T, and the presence of strong pinning sites. Furthermore, the PME in

these Nb disks is neither an intrinsic superconducting property of Nb nor related to the

symmetry of its superconducting pairing mechanism.
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6.STUDIES OF JOSEPHSON EFFECTS IN OXIDE SUPERCONDUCTORS

It is generally believed that the superconductivity in the high-T, cuprates is intrinsically
two-dimensional residing in the CuO; bilayers or trilayers coupled together by the
Josephson currents along the ¢ -axis direction. Theories and experiments involving several
phenomena and properties, including angular dependence of the critical current, upper
critical field, and far-infrared conductivity all support this picture. Recently Kleiner, et al.
[17,18] have shown that the current-voltage (I-V) characteristics of a single crystal of
BipSrpCaCu0g,5 (BSCCO) as well as that of other high-T; cuprates consisted of
numerous branches indicative of a stack of Josephson tunnel junctions. According to the

magnetic-field periods derived from the magnetic-field dependences of the critical current,
the Josephson junctions are formed by the inter-unit-cell CuO, bilayers. However, a

search for similar Josephson-junction-like I-V characteristics in YBayCu307.5 (YBCO) was
unsuccessful. This raised a question whether the superconductivity in YBCO was bulk-
like as opposed to a stack of Josephson junctions as in BSCCO. Recently we have found
experimental evidence not only for the existence of inter-unit-cell Josephson junctions in
YBCO but also intra-unit-cell Josephson junctions formed by the CuO,-Y-CuO, atomic
planes.[19]

By measuring the dynamic resistance dv/di of a YBCO single crystal near T¢ as a
function of the magnetic field H, two groups of peak structures with nearly uniform
magnetic field spacings are observed. Figure 6-1 shows two peaks, one centered at 90 G
and the other close to 220 G. Ultilizing the magnetic flux quantization condition for a thin
electrode Josephson junction and the geometric dimensions of the YBCO crystal, the
spacing between electrodes was calculated to be 0.34 = 0.09 nm which is in good
agreement with the separation between the CuO,-Y-CuQO; atomic planes of 0.32 nm. Ata
slightly lower temperature, the dynamic resistance (see Fig. 6-2) shows many more
resistive peaks with smaller magnetic field spacings. Upon careful inspection of this and
other data, these results suggest two group of peaks with different spacings of AH ~ 30 G
and 15 G. The thickness associated with these magnetic spacings would be 1.1 nm and
2.1 nm, the former corresponding to the separation of the CuO; bilayers between the
different unit cells. We have also observed evidence that the intrinsic Josephson junctions
in a YBCO single crystal evolve naturally from the short-junction into the long-junction
regime as the temperature is reduced. Since these findings of an intra-unit-cell Josephson

junction in YBCO have a strong implication for the occurrence of atomic-plane 2-D
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superconductivity in the cuprate superconductors, we are continuing these investigations to

further elucidate the nature of the Josephson effects in the cuprate superconductors.

In a second investigation, we have studied the effects of microwave radiation on YBCO
single crystals to see the effect of the intrinsic Josephson junctions. By placing a single
crystal in an X-band waveguide which has well-behaved microwave E- and H-fields, we
have systematically studied the roles of the microwave E- and H-fields in determining the
dynamic properties of a YBCO single crystal. Microwave induced dc voltages in a
YBaCu307.5 single crystal have been observed along its ¢ -axis with or without a dc bias
current by utilizing standing waves near the end of an X-band (8-12 GHz) waveguide.
With a dc bias current, the effect is larger when the single crystal is coupled to the
maximum of the microwave H-field, suggesting that the induced dc voltages are due to
vortex flow. (See Fig. 6-3.) Without a dc bias current, the induced voltages resemble the
inverse ac Josephson effect and require the presence of both the E- and H-fields of the
microwave. The temperature and the bias current dependences of the induced voltages both
show several peak structures indicating the existence of multiple Josephson junctions in
series along the ¢ -axis direction of the single crystals. However, it is not yet clear whether
the Josephson junctions are formed within a unit cell or at the stacking faults which
commonly occur in a single crystal sample.

Further support for this Josephson junction hypothesis comes from our observation of
periodic voltage oscillations as a function of magnetic field when a dc bias current is
applied along the ¢ -axis of a YBapCu307.g single crystal and the dc magnetic field is
applied parallel to the ab -planes of the crystal. The voltage-vs-field patterns are similar to
the magnetic interference patterns associated with a dc SQUID. Studies to further elucidate
these features as well as to improve our understanding of these effects in the cuprate
superconductors are still continuing.
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LIST OF FIGURES

Fig. 2-1.  The time dependence of the resistance for a nominal 5:6:11 YBaCuO
multi-phase ceramic sample in 2 atm of O, gas a a function of
temperature.

Fig. 2-2.  The FCM and ZFCM for a multi-phase YBaCuO sample of nominal
composition 5:6:11. Note the ZFCM continuously deviates from the
FCM below 320 K.

Fig. 2-3.  The ZFCM and FCM for a ceramic YBaCuO sample (5:6:11) for two
different magnetic fields, 250 Oe and 1000 Oe. Note the flux jumps
as well as the diamagnetic-like transitions at 310 K.

Fig. 3-1.  Resistance along the ab -plane of a nominal YBayCu3O7.g single
crystal showing a resistive transition in the vicinity of 340 K.

Fig. 3-2.  Resistance along the ab -plane of a nominal YBayCu307.g single

crystal showing a hysteretic behavior in the resistive transition below
280 K.

Fig. 3-3.  The ZFCM and FCM for a nominal YBayCu307.5 single crystal
sample for fields of 100 Oe and 250 Oe.

Fig. 3-4.  The ZFCM and FCM for a nominal YBayCu307.§ single crystal

sample exhibiting a 340 K resistive transition. Note that the hysteretic
behavior begins at 340 K and the ZFCM/H approaches the FCM/H
data for fields larger than 100 Oe.

Fig. 4-1.  The ZFCM and FCM for a nominal 5:6:11 YBaCuO sample which
exhibits a 336-K transition.

Fig. 4-2.  Simultaneous DTA/TG data during the warming and cooling ¢ycles of
the synthesis of a nominal 1 : 2 : 2.75 YBaCuO sample in Ar gas.

Fig. 4-3.  -Simultaneous DTA/TG data during the warming and cooling cycles of
the synthesis of a nominal 1 : 2 : 4 YBaCuO sample in Ar gas.

Fig. 4-4. Simultaneous DTA/TG data during the warming and cooling cycles of
the synthesis of a nominal 4 : 5: 9 YBaCuO sample in Ar gas.

Fig. 4-5.  X-ray diffraction pattern for a nominal 1 : 2 : 2.75 YBaCuO sample
synthesized at 1000°C in Ar.

Fig. 4-6.  X-ray diffraction pattern for a nominal 1 : 2 : 4 YBaCuO sample
synthesized at 1000°C in Ar.

Fig. 47.  X-ray diffraction pattern for a nominal 4 : 5: 9 YBaCuO sample
synthesized at 1000°C in Ar.
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The ZFCM and FCM for a nominal 5:6:11 YBaCuO sample
(GC-1-1A) for a field of 2 Oe.

The ZFCM and FCM for a nominal 5:6:11 YBaCuO sample
(GC-1-1A) for a field of 100 Oe.

The ZFCM and FCM for a nominal 5:6:11 YBaCuO sample
(GC-1-1A) for a field of 200 Oe.

The ZFCM/H (lower) and FCM/H (upper) data for a 0.127-mm thick
Nb disk with magnetic fields applied normal to the disk surface.

Magnetization versus applied field H curves at various temperatures
for H normal to the disk surface.

The ZFCM/H (lower) and FCM/H (upper) data for a 0.127-mm thick
Nb disk with magnetic fields applied parallel to the disk surface.

The ZFCM/H (lower) and FCM/H (upper) data for successive surface
abrasion of a Nb disk with H normal to the disk surface.

The ZFCM/H (lower) and FCM/H (upper) data for a 0.25-mm thick
Nb disk before and after ion implanting with H normal to the disk
surface.

Modulation of the dynamic resistance vs magnetic field at T=80.54 K
with ac current along ¢ -axis direction and magnetic field parallel to

ab -plane on a nominal YBayCu307.§ single crystal sample.
Modulation of the dynamic resistance vs magnetic field at T=79.80 K.

The microwave induced dc voltages vs sample position for different
bias currents on a nominal YBapCu307.s single crystal sample.
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Dynamic Resistance ( 0.2 m€/div )
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Fig. 6-1.  Modulation of the dynamic resistance vs magnetic field at T=80.54 K

with ac current along c¢ -axis direction and magnetic field parallel to
ab -plane on a nominal YBapCu307. single crystal sample.




Dynamic Resistance ( 0.2 m€/div )
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Fig. 6-2.  Modulation of the dynamic resistance vs magnetic field at T=79.80 K.
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