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1. SUMMARY
1.1 OBIJECTIVES
The primary objectives of this superconducting research effort are:
(1) to understand the nature of the resistive and magnetic transitions observed near room-
temperature,
(2) to identify the material conditions responsible for these transitions, and
(3) to improve the material characteristics as well as its properties.

The status on attaining these objectives is presented in the next section.

1.2 HIGHLIGHTS
Although this report describes in more detail our superconductivity research on materials
responsible for the above 200-K superconducting transitions, their synthesis conditions,
and their physical properties, we highlight some of the more important results in this
section.
(i) experimental conditions for improving the probability of observing zero resistance
transitions in YBaCuO samples near room-temperature
- measuring environment of 2 to 10 atms of O7 gas pressure
- slow cooling to minimize flux trapping effects
- less than microampere measuring currents, preferably dc current
(ii) observation of resistance transitions above 200 K
- several ceramic samples of nominal 5:6:11 YBaCuO composition exhibited
transitions in the 260 K to 300 K temperature range
- six nominal YBa2Cu30O7.§ crystals exhibited transitions around 280 K and
340K
(iii) magnetic characterization of flux-trapping hysteresis behavior near room-temperature
- 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 data
(iv) reproducible flux-trapping phenomena at 336 K in multiphase YBaCuO ceramic
samples
- magnetic characterizations suggest transitions are superconducting in nature
- systematic DTA/TG studies indicate required synthesis conditions
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2. INTRODUCTION
With the reports of certain lanthanum copper oxides being superconducting above 30 K
by Bednorz and Miiller in 1986,[1] a revival of superconductivity research was
forthcoming with discovering higher T¢ materials being a real possibility. By February
1987, Wu et al. [2] reported that a multi-phase YBaCuO compound exhibited
superconducting properties above liquid nitrogen's boiling point of 77 K. Other
researchers were soon able to reproduce these experimental results and determine the
superconducting phase to be YBapCu307.3 (6<0.5) with a T¢ of 93 K.[3,4] The
onslaught of research that followed was permitted in part by the ease of synthesizing the
ceramic samples of these oxides under normal atmospheric conditions by a solid state
reaction technique. Within the year both Bi2Sr2Ca1+nCu24+n0O8+2n and
TlpBapCa1+nCu24+n08+2n (n=0,1,2) were found to exhibit superconducting properties
with TlpBa2CapCu3012 having a T¢ of 128 K.[5] This material remained as the highest
Tc superconductor until the summer of 1993 when HgBaCaCuO compounds having a 135-
K critical temperature were discovered.[6,7] One of the reasons for the lengthy time
interval before the HgBaCaCuO compound was discovered was the increased complexity
required in the synthesis of the material. In order to attain the correct perovskite structure,
HgBaCaCuO compounds must be synthesized under 5 GPa of pressure at 950°C followed
by an oxygen anneal. In addition to these superconductors, there are currently several
other different families of oxide superconductors having the defect perovskite structure.
These aforementioned materials have satisfied the following criteria for being classified

as superconducting materials:

(i) the disappearance of resistance at T¢

(ii) the appearance of a Meissner (diamagnetic) response at T¢

(iii) a well-established characterization of the crystalline structure associated with

the superconducting phase
(iv) reproducible properties and synthesis conditions performed at other
laboratories.

Thus materials having satisfied these criteria are widely accepted as being bulk
superconductors. Nevertheless, there have been numerous reports and publications of
sharp resistive transitions[8-15] and other superconducting-like phenomena[16-19] at much
higher temperatures, even approaching room temperature. Unfortunately these higher-
temperature phenomena were one- or two-time occurrences as they had an inability to




survive repeated thermal cyclings through their transition temperatures. In 1989, we
observed zero-resistance states with transition temperatures above 200 K in multi-phase
YBaCuO materials maintained in an oxygen atmosphere.[13,14] Using a multiple-lead
arrangement, resistance and current-voltage (I-V) measurements were performed on multi-
phase Y5BagCu]]Ox ceramic samples. The results for several samples showed zero-
resistance T¢'s in the temperature range of 235 K to 250 K for various electrical paths that
withstood repeated thermal cycles. In addition, the resistance of the sample was found to
decrease with each of the first three thermal cycles. Furthermore, the resistive drops along
preferential directions indicated that several possible superconducting phases might be
present in this sample. Thus these results strongly suggested the existence of higher-T¢
phases in these materials and not simply some experimental artifact. However, the nature
of these transitions was still somewhat uncertain since subsequent investigations on these
oxide materials had not always shown similar resistive transitions nor exhibited bulk-like
characteristic properties associated with superconducting transitions, e.g., a diamagnetic
response in the magnetization. Thus the present AFOSR program entitled "Investigations
of YBaCuO Superconducting Materials with T¢ above 200 K" focuses on a study of these

near-room-temperature phenomena in order:
(1) to understand the nature of the resistive and magnetic transitions observed near room-

temperature,
(2) to identify the material conditions responsible for these transitions, and
(3) to improve the material characteristics as well as its properties.
In the next sections, we review the status of this research over the past 18 months as well

as our present understanding of the remaining problems.




3. STUDIES ON CERAMIC MULTI-PHASE YBaCuO SAMPLES

In our studies, one critical condition for observing and reproducing a zero-resistance
transition having a T¢ above 200 K is to keep the specimen in an O 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-
Tc 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
Y5BagCu110y ceramic samples were monitored over time while continuously being
maintained in an O7 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. 3-1.) 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 this same
period, one-third (5 out of 15) of the nominal Y5BagCu1 1Oy 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 ZFCM
from the more paramagnetic-like FCM. (See Fig. 3-2.) 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 (YBapCu307, Y2BaCuO5, and CuO) and from the sample
holder. Thus any 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. For larger magnetic fields, one would
expect the zero-field-cooled susceptibility ZFCM/H to be less diamagnetic and approach the
FCM/H data as shown in Fig. 3-3. 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 these ceramic Y5BagCu]]Oy samples after a lengthy high-pressure oxygen
anneal (over 10 atm O7 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.
3-4. 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 10 to 100A. 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
YBapCu307-§ single crystal samples.




4. STUDIES ON NOMINAL YBa2Cu307.§ SINGLE CRYSTAL SAMPLES

As we first reported in 1991, we have observed a strong anisotropic behavior in the
electrical resistance on several nominal YBapCu307.§ single crystal samples grown in our
laboratory.[15] 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 indicate surface oxidation may lead to the observation of near-
room-temperature resistive transitions, we have returned to performing more electrical and
magnetic measurements on nominal single crystals during this contract period.

Extensive electrical measurements on over a dozen crystal samples in oxygen pressures
as high as 10 atms indicate the importance of maintaining an O2 environment around the
sample during the measurements, especially if reproducible resistive transition 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 Tg,
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 cannot only occur
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.

Of these samples (from three batches of crystals), six measured in 1 atm of Q7 exhibited
small bumps or changes in slope in the vicinity of 280 K which indicate some electrical
property change; however, the data is inconclusive as to whether these features can be
associated with a superconducting transition or not. Three 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) can 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. 4-1.) A high resistive state of approximately 2 £ 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

10




behavior with a lower T¢ measured during the cooling cycle and a larger T during the
warming cycle as seen in Fig. 4-2. 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 creates 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
goes to zero. This interpretation is further supported by the magnetization studies which
show 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) became increasingly more diamagnetic than the field-cooled-
magnetization (FCM) below the transition temperature as clearly shown in Fig. 4-3 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 have resulted in not enough sensitivity for detecting a difference between
the ZFCM and the FCM responses at these low field strengths. For two samples including
one from a single crystal batch exhibiting near-room-temperature resistive transitions, the
magnetic hysteresis develops 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 field strengths and for the larger fields increase
towards the FCM/H data resulting in a smaller hysteresis as shown in Fig. 4-4. 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
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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.

Figures 4-5 to 4-7 show 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. 4-1 and
4-2. 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 exhibit 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. The microstructure of this sample is presently being investigated
by transmission electron microscopy (TEM) studies by C.H. Chen at AT&T in order to
determine if defect structures similar to previous TEM results on our samples are present.
Because of the increased experimental success in the detection of superconducting-like
phenomena in the nominal YBa2Cu307.§ single crystal samples, we plan to continue

electric and magnetic measurements on these type of samples.
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5. STUDIES ON MATERIALS EXHIBITING A 336-K TRANSITION

As reported in an earlier Technical Report (AFOSR-91-0319 Annual Report for 1992-
93), 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. 5-1. 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 YBa2Cu307_( 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.[10] The strong coincidence in the
340-K temperature between these various superconducting-like results suggests a more
thorough study should be pursued. We have correspondingly pursued a three prong attack
to this problem. (i) 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 18 months, over ninety ceramic YBaCuO samples were tested for the
possible existence of the 336-K transition by low-field magnetization measurements, with
nearly 40% 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 Y5BagCui 10y 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 O7 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. 5-1 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 is 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 O7 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 the powders /samples to temperatures above their peritectic transformation
temperature.

(2) Reducing the O2 partial pressure.

(3) Heating in a pure Ar gas flow rather than in He or N2 gas flow.

(4) Presence of a sharp solidification peak in the DTA data during the cooling cycle. (See
Fig. 5-2.)

(5) Appearance of an exothermic peak during the cooling cycle (852°C in flowing Ar) with
a barely detectable weight gain. This weight gain is presumably an oxygen uptake from the
surrounding gaseous environment which still contains some oxygen present from the
sample's oxygen loss during the heating cycle. (See Fig. 5-2to 5-4.)

(6) Appearance of 336-K magnetic transition only dependent upon initial synthesis cycle of
sample. The magnitude of the difference between the FCM and the ZFCM was found to be
unchanged by subsequent thermal treatments in Ar or anneals in O2.

(7) Starting compositions or materials play a secondary role in the formation of samples
exhibiting the 336-K transition.

It must be pointed out that the interplay between the exothermic peaks listed in (4) and (5)
and their correlation to the appearance of the 336-K transition is still unclear at the present
time and further studies are continuing. 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.
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Table I. DTA/TG Synthesized Samples with 336-K Transition
Nominal Composition (Y:Ba:Cu)  Starting Materials Nitric Acid Solution
1:2:275 nitrates & oxides powders yes
1:2:4 YBayCugOg no
4:5:9 YBa2Cugq0g & Y2BaCuOs; no
4:5:9 carbonates no
4:5:9 nitrates & oxide powders yes

Structural and surface studies by XRD and SEM are not complete at this time. Initial
XRD data indicate a few common features present in those samples exhibiting the 336-K
transition. First, the predominate phases are the tetragonal YBa2Cu30g.5 and the
insulating Y2BaCuOj structures with smaller amounts of CuO and BaCuO). 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. 5-5 to 5-7.) This suggests a possible distortion of the lattice or
chemical substitution for certain atoms in these particular planes. Furthermore because the
maximum temperatures during the DTA/TG synthesis of these samples exceed the peritectic
temperature, these samples have substantial melting occurring which is supported by the
SEM topographical studies. Moreover, the SEM photos (see Fig. 5-8) indicate significant
melting had occurred even on the quenched 5:6:11 sintered samples that had only been
heated to 950°C in O7, nearly 20°C below its corresponding peritectic temperature.

The last aspect of this research is the study of the nature of this 336-K transition.
Initially a comprehensive investigation of the magnetic field dependence of both the ZFCM
and FCM were undertaken. The abrupt, positive increase in the FCM below 336 K was
found to be present at all fields from 0.5 Oe to 200 Oe, although the increase was
essentially field independent. The ZFCM began to exhibit a similar increase just below 336
K for fields above 10 Oe as shown in Figs. 5-9 to 5-11. This behavior is reproducible as
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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 measurement were
performed after the sample had been placed in a desiccator for two years. In addition, the
change in the sample orientation and after pulverization of a sample had no effect on the
observed magnetic behavior nor the 336-K transition temperature.

These features associated with the 336-K transition can be understood in terms of two
possible effects: the presence of a small amount of ferromagnetic impurities or a strong
flux pinning around paramagnetic inclusions. Even though the starting materials of the
oxides, carbonates, and nitrates used in the preparation of the YBaCuO samples are of high
purity (>99.9 % purity), there is always a trace amount (few parts per million) of metal
impurities present in these materials with the most common ferromagnetic impurity being
iron or iron oxide. Other possible ferrimagnetic materials in the YBaCuO samples could be
yttrium iron garnet and barium ferrite which have Curie temperatures in the 500 to 800°C
range. Clearly, the 336-K transition occurs well below their respective Curie temperatures
and thus cannot be attributed to these impurities. Furthermore, if ferromagnetic or
ferrimagnetic impurities were present in the starting materials then it should be present in all
the samples prepared from the same starting materials and one should therefore expect all
samples to exhibit the features associated with the 336-K transition. In contrast, less than
half exhibit the observed features. Also, the magnetization difference (FCM-ZFCM) as a
function of magnetic field saturates in a few oersteds. (See Fig. 5-12.) This value is
extremely small for magnetic transitions such as for a ferromagnetic material. Thus we can
exclude the possibility of the 336-K transition being due to the presence of these
ferromagnetic or ferrimagnetic impurities.

The other possibility would be the existence of a thin layer of a 336-K superconducting
material surrounding a paramagnetic inclusion. It is observed that the ZFCM data is
essentially featureless in the transition region of 336 K at the lowest fields. If the
penetration depth of this superconducting phase is comparable to the dimensions of the
superconducting layers, the diamagnetic response (or flux exclusion) would be
substantially suppressed so that the ZFCM might be nearly zero. In addition, this signal
would be superimposed upon a more dominant paramagnetic background that arises from
the nonsuperconducting regions (123, 211, and CuO) of the sample above 100 K.
Whereas for the FCM, these 336-K superconducting layers would trap magnetic vortices
(flux) with the field inside the vortex being on the same order as the upper critical field
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Hc. If these layers surrounded paramagnetic inclusions, the magnetic response would be
enhanced by the trapped vortex field and in fact could even be saturated. This would result
in the FCM having a spontaneous positive magnetization behavior. In addition, one would
expect little or no magnetic field dependence since the vortex field is only dependent upon
superconducting parameters like the penetration depth and coherence length and not the
applied magnetic field. The field dependence observed in the ZFCM can be understood in a
similar manner as once the lower critical field is exceeded, magnetic vortices can be
penetrate into the superconductor and become trapped at the sites of the paramagnetic
inclusions. Since the number of vortices generated is related to the magnetic field strength,
one would expect a field dependence for the ZFCM as shown in Figs. 5-9 to 5-11.
Nevertheless, the lack of even a diamagnetic-like deviation in the ZFCM is disconcerting if
this transition is truly superconducting in nature. We should point out, however, that the
ZFCM for one sample did show a diamagnetic deviation at 336 K while the FCM was
essentially featureless in this temperature range. Also the appearance of a positive FCM
response has been observed in bulk superconductors, the so-called paramagnetic Meissner
effect.[20,21] Clearly more work is required to fully understand the nature of this

transition from a magnetic perspective as well as to clarify the exact synthesis conditions.

17




18

6. REFERENCES

10.

11.

12.

13.

14.

15.

J.G. Bednorz and K.A. Miiller, Z. Phys. B 64, 189 (1986).

M.K. Wu, J.R. Ashburn, C.J. Tong, P.H. Hor, R.L Wong, L. Gao, Z.J. Huang,
Y.Q. Wang, and C.W. Chu, Phys. Rev. Lett. 58, 908 (1987).

R.J. Cava, B. Batlogg, R.B. van Dover, D.W. Murphy, S. Sunshine, T. Siegrist,
J.P. Remeika, E.A. Rietman, S. Zahurak, and G.P. Espinosa, Phys. Rev. Lett. 58,
1676 (1987).

P.M. Grant, R.B. Beyers, E-M. Engler, G. Lim, S.S.P. Parkin, M.L. Ramirez,
V.Y. Lee, A. Nazzal, J.E. Vazquez, and R.J. Savoy, Phys. Rev. B 35, 7242
(1987).

T. Kaneko, H. Yamauchi, and S. Tanaka, Physica C 178, 377 (1991).

S.N. Putilin, E.V. Antipov, O. Chmaissen, and M. Marezio, Nature 362, 226
(1993).

A. Schilling, M. Cantoni, J.D. Guo, and H.R. Ott, Nature 363, 56 (1993).

C.Y. Huang, L.J. Dries, P.H. Hor, RL. Meng, C.W. Chu, and R.B. Frankel,
Nature 328, 403 (1987).

S.R. Ovshinsky, R.T. Young, D.D. Alfred, G. DeMAggio, and G.A. van der
Leeden, Phys. Rev. Lett. 58, 2579 (1987).

H. Ihara, N. Terada, M. Jo, M. Hirabayashi, M. Tokumoto, Y. Kimura, T.
Matsubara, and R. Sugise, Jpn. J. Appl. Phys. 26, L1413 (1987).

J. Narayan, V.N. Shukla, S.J. Lukasiewicz, N. Biunno, R. Singh, A.F. Schreiner,
and S.J. Pennycook, Appl. Phys. Lett. 51, 940 (1987).

H.D. Jostarndt, M. Galffy, A. freimuth, and D. Wohlleben, Solid State Commun.
69, 911 (1989).

J.T. Chen, L.E. Wenger, C.J. McEwan, and E.M. Logothetis, Phys. Rev. Lett. 58,
1972 (1987).

J.T. Chen, L-X. Qian, L-Q. Wang, L.E. Wenger, and E.M. Logothetis, Modn.
Phys. Lett B 3, 1197 (1989); in Superconductivity and Applications, edited by H.S.
Kwok, Y-H Kao, and D.T. Shaw, (Plenum, New York, 1989), pp. 517-529.

J.T. Chen, L.E. Wenger, G-H. Chen, and L-Q. Wang, Physica C 185-189, 607
(1991); in AIP Conf. Proc. 251, edited by Y.H. Kao, A.E. Kaloyeros, and H.S.
Kwok, (AIP, New York, 1992), pp. 459-466.




16.

17.
18.

19.

20.

21.

A.T. Wijeratne, G.L. Dunifer, J.T. Chen, L.E. Wenger, and E.M. Logothetis, Phys.
Rev. B 37, 615 (1988).

T. Laergrid, K. Fossheim, E. Sandvold, and S. Julsrud, Nature 330, 637 (1987).

E.M. Jackson, G.J. Shaw, R. Crittenden, Z.Y. Li, A M. Steward, S.M. Bhagat,
and R.E. Glover, Supercond. Sci. & Technol.

J.L. Tholence, B. Souletie, O.0. Laborde, J.J. Caponi, C. Chaillout, and M.
Marezio, Phys. Lett. A 184, 215 (1994).

P. Svedlindh, K. Niskanen, P. Norling, P. Nordblad, L. Lundgren, B. Lonnberg,
and T. Lundstrom, Physica C 162-164, 1365 (1989).

W. Braunisch, N. Knauf, V. Kataev, S. Neuhausen, A Griitz, A. Kock, B. Roden,
D. Khomskii, and D. Wohlleben, Phys. Rev. Lett. 68, 1908 (1992).

19




LIST OF FIGURES

Fig. 3-1.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-2.
3-3.

3-4.

4-2.

4-3.
. 4-4.

4-5.

4-7.
5-1.
5-2.
5-3.

5-4.

The time dependence of the resistance for a nominal 5:6:11 YBaCuO
multi-phase ceramic sample in 2 atm of O? gas as a function of

temperature.

The FCM and ZFCM for a multi-phase YBaCuO sample (11293-1) of
nominal composition 5:6:11.

The ZFCM and FCM for a ceramic 5:6:11 YBaCuO sample (11293-1)
for two different magnetic fields.

The ZFCM and FCM for a ceramic 5:6:11 YBaCuO sample (11293-5)
for two different magnetic fields.

Resistance along the ab -plane of a nominal YBapCu30O7.§ single
crystal (GY0026D-2) showing a resistive transition in the vicinity of
340 K.

Resistance along the ab -plane of a nominal YBapCu307.§ single
crystal (GY(0026D-2) showing a hysteretic behavior in the resistive
transition below 280 K.

The ZFCM and FCM for a nominal YBapCu307.§ single crystal
sample (GY0026D-1) in a field of 100 Oe.

The ZFCM and FCM for a nominal YBapCu307.§ single crystal
sample (91093-4) in fields of 100 Oe and 250 Oe.

The ZFCM and FCM for a nominal YBa2Cu307-§ single crystal
sample (GY0026D-2) exhibiting a 340 K resistive transition.

The magnetic field dependence of the ZFCM for a nominal
YBapCu307-§ single crystal sample (GY0026D-2).

The magnetic field dependence of the FCM for a nominal
YBa»Cu307.§ single crystal sample (GY0026D-2).

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

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

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

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

20




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5-6.

5-7.

5-8.

5-10.

5-11.

5-12.

21

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

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

X-ray diffraction pattern for a nominal 4 : 5 : 9 YBaCuO sample
synthesized at 1000°C in Ar.

SEM photograph for a nominal 5:6:11 YBaCuO sample exhibiting the
336-K transition.

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 magnetization difference AM (=FCM - ZFCM) as a function of
magnetic field for two nominal 5:6:11 YBaCuO samples.




oruresas aseyd-ninw QnOeg A 11:9:G [EUIWIOU B 10J IDUBISISAI 9Y) JO 20ouapuadap awn ay |,

ammjesadwa) jo uonoung e se sed O jo une 7 ur sjduwres
“1-¢ 314

) L
00¢

48
vig=1 .
H9'6 DdA -

(d2-1-09D)

01




"11:9:6 uonisodwoo jeurwou jo s[dwres Qn)eg A aseyd-njnui e 10§ D] pUe INDAZ UL 'Z-¢ 31

O L

00y 0S¢ 00t 0S¢ 00C OST 00l
1 979071

197°¢1 =

” N ” =
% =

- ® O " ~

) %2, 19-20'¢

L C. AM

” 2007 =H %

- (1-€62T1#) 11-9-S DI A “

ST BPT S S B AR A A BT S S N BT R A B @umm.N




'splaty

onPuUFeW JUAISIP 0M1 10 ([-g6711) a[dures QnDBGA [1:9:G d1WeIdd € 10) WD pue INDHZ UL t-g 8y
0SI 001
—— T
00C=H3z V
900C=HY} V¥
°%X06=HDJz o
d0G6=HD} e
4 9-9¢7]
<<<oo
V7o
\Y/ OOO
\av
¥y 'V _%o
[ ld 4< oo
oy Vv
o ] 0-9(y
A\
R o 4.
i v w
- (I-€6CT1AD) 11-9-S DIA 2 8
1 i 1 1 2 ] 1 1 1 1 1 1 1 1 1 1 1 N 1 1 1 1 1 1 OIQW.N

3muwo) H ssew/|\

Cle




M 01 ¢ 1© suoie1Aap ayij-onaudewerp ay) se [am se sdunf xngj oy 1y 910N 90 0001 pue

20 (ST ‘SPIPY WRIRYIP oM} 10§ d[duwies ONDBG X [ [:9:G OIWeI0d € 10) NI PUe WDAZ UL b-€ “Bid
D) L
0S¢ Gl 00¢ CLC 067
T T T T T Tt LI B R B B B B B E 9L’
I (G-€6CITAD) 11-9-C¢ DA 1 W
| ~
- v 19981 @
- 4 8 = .
! f %0, i m
| ;00001 =H )z ¥ . Sémwm«% o] £ m
_ Wy 0961 =
| 200001=H 3 v Vg A a3
| s00sz=HJz o T mu
. N—

20 0SC=H J




) OPE JO AHUDIA DY UL UOTISURL) DATISISI
e Suimoys [e1sAio o8uts Q-LOEnDleg A [eutwou v jo auvpd- gr Juope douwisisay

oD L

0c¢ 01¢ 00¢

-t Ty

067
00

(T-A9200AD) BIX OnDegx

0¢C

(suro) qey




"M 08T MO0[oq UONISURI) DANSISAI Y} UI JOTABYIQ O112I9ISAY

e duimoys [eisAIo sfduls Q-LOEn)Hleg A Teurwou e jo aued- ge Juofe soue)sisay]

D L
05T §TT

v B

vigo=1I
(Z-A9T00AD) [e1X OnDeg A

4 01

- 0¢

4 0¢

Jov

- 0S

09

(surygoryrur) qey




20 001 J0 P2y

e Ul (1-J9700A D) ardwes [eish1o o[3uts Q-LOEnDTed A euiwou v 10§ IND.] pue INDZ 4L, -y Ay
oD L
00V 1199 00¢ 0S¢ 00¢ 0S1 001 0¢S
e — ————r—— 6-90°€~
i O . -
[ ] <
- 467°0°C- =~
. o)z O 4 ‘nrm
- o3 @ . (_\
i @ ] W
i SIXe-3 (|20 001 = H 1 6-90'1 - —_
[ (1-A9T00AD) [e1x OnDeg A ﬁu“ I
0)8) o .
” ] S |
- ] Z
L ] -0’7 - ——
- o 8C90°C g
A ] !
I LA ~
. 4 6-3()
, - 62901 S
N
I | P BT BT PR B EPEEE R ] @-OO.N




90 05T PUE 20 001
Jo spay Ul ($-¢6016) 2[dwes [R1sA1o 9[3uls Q-LOEn)HTeg X [euriou € 10§ D Pue WDAZ UL vy Sid

3D L

06¢ 00¢ 05¢ 00¢ 061 00T
_..-._...._...._..-._....wIQO.m

i S0 00I=H 9z © ¢ Q-1

- | %0001=H 5 e & =
200SZ=HJz V¥ oof8 . f

- 59 ,- I@ w
300SC=H 0] v 890t W ”

8-9¢°¢ w
£

g8-op'¢ O
&

8-9G°¢

[PIX OnDBRg A

8799°¢




20 001 Jo plR1y R w

(T-A9TO0AD) [e1x ONDBg X o

N XK
| Lo ”

(T-A9T00A D) dpdureseisA1o 9[3uts Q-LOENDTeG A [PUILIOU 1O} N )-| puv N7 M|, sr dy
D L
00 0S¢  00€  0ST 00T  OST  00I  OS
Y Y 4
@ 4
®)
X A 0se woryodyz o ]
B A 08¢ woiyoy e 40°¢-
, o
SIXe-0 | 20 001 + = H .
le) 1
0

u folos]e) QVQNQO 4071-
o © oogwnwuo & >
o Qo
A o, . ]
et RS, S o o e .
- -4 oo ®,0 & ° 400
S MR i e
® oo °

(Go/mwa , 01) H/ {1 08CHI - (L'HIN}

v,
3 R0 . o

A S T RS U S R TS R S S Y

4

<
—




(T-A9T00A D) dlduies Jeysh1d df3uts Q-LOEn)leg X [euliou e Joy INDJIZ Sy Jo Py onougew dy |, ‘9 "1

oD L
00r 0S¢  00€  0ST 00T  OSI 00l 09

T T T T T T T T T T T T T T T T T T T T T T T o.vl
I 2006 =H Yz @ o |
[ | 20001=Hz o o]
L [ 200Sz=HZ V¥ vy J0€-
- | P000s=Hz V o
i 2000S=H 2 + vV

4 0°¢C

B SIXe-O || H
| (Z-A9T00AD) [BIX OnDegA ]
"
I R . e u ]
- ¢ &® @o e 1o
i v % ST v 101
- g o v + -
B . 4 e a M 400
< N - 4
TR O T V7 Vs TR MG s ATN AR o s
- NGV ety ...4;E!m_o«.\<..<..4um.. AL imﬁv«h»«va sqm.ﬂf%ﬁ ssﬂq\\«dﬂqiu@« I

| + +++ HN, ‘-t 1 LV foat 1"/ .

i .
Il 'l i A h s i 1 1 — 1 A by e — 1 i L 1 — I 1 1 J — L 1 1 1 — 1 L 1 ' O ~

(eo/mwe . 01) H/{I08CH)N - (L'HIN}



(2-A9Z00A D) drdwes 15410 9[3uis Q-LOEn)Teg A [eutwiou v 10J A )-] 21 jo P snaudew ay | L+ Jug

DL

00v 0S¢ 00¢ 0S¢ 00¢ 0C1 001 0s
T 07"

i o) 4

” 2005 =H} v

- 0001 =H9J © | 0¢-
i 300ST=H} ¥ v 0t
i 2000S=H¥ V ]

- mwxmlo __ : ’ ON..
[ (T-A9T00AD) 1BIX OnDeg X v |

L il e

_|| I|._ O.,ﬂl
i J00
- Tot

(eo/mws  01) H/ {08 HIN - (L'HN}




‘uonisueI) Y-9¢€ € SHIYXS Yorym ojdures OnDRg A [1:9:6 [BUIWIOU B 10§ DA PUB WDAZ YL “[1-C ‘Sid
D L
0S¢€ 00§ 05T 007,
| | L-90°€
- . U'A_“N
@ a
o S5 o0 L0
cey © %&ﬁd&%u 00 %0, 0 o | |
o 3 SRR I
o o
i AT °° " dle0c @
Koo _ 0 o =
- oo‘oo °e%eoana q £
°T eat * 0.0....\“. e
i & Vgl 19079
- S0 0v=H
11-9-6 DIA
— w1 /-390,




37 8'dwngy 9)

nal
ogutin

BS6

'sed 1y utopdwes Qnpeg A SLT T 1 [RUIWIOU © Jo s1sayuuks

J0 $91945 Burjood pue Futuuem syi Fuump viep 01/ L] sSnosurnuig

B66

7 bap " JNLIYYIdWIL

0S8

Bus8

BSL

TSy

ba

rTTeTeTeTeTTY

=TT r=rer-r T

T

T rrer

T rT

LS

™~
~~

P
P S N N S N S N 1 (WS S U N T S N S 1 LLLLll}lll S N W B S B B S 3

%6

G 1-




9l

RUIEIL S

'sed 1y ut ojdwes QnDRGA 171 | [BUIWOU B JO SISOQIUAS ay)
JO s3940 3u1jo0d pue Juiuuem oY) Fuunp elep 0| /v (] Snosue)nuig ¢-¢ ang

7 bap N IBYIIWIL
001 %6 206 Bs8 008 0s. »,

//

AN

, S~~~
N

=
=

U REN NN

Al a2t 1 11

/

-
o

/

BTN

/

=

@a|



79l

e e i et e T "/ Tt ’ rx7s ™

‘sed 1y ur ojdwres QNDRGA 60§ b [RUUIou v jo sisayuis ayg)
J0 s3940 uijo0o pue Jutuuem Yy Juunp vIep O [/V (] snodurnug

1) bap JyNIGYIdWIL

kol BS6 Bo6 Bs8

—V LANELZN0 JUN M Sun Zn Sun aum 4

Bo8

BSL

AR

4l

rrrvrrrrr rrrrorrorr

T

T ryryrerrrry

T

96

LJNDL 2N BN SN M Su B sen

rrrrorrevry

)

Quog

!
H
i

ik

/

86

//

| S SR S B 1

Lo L

'

aal

[ROSURD U ——

56

G Z-

G 1=

7 bap "yl




Ob "GE

IV UL DL0001 18 PIzIsoyiuds
sidwes Qnyeg A S - T ¢ | [eutwou e 1oj waped uonorijjip Aes-x G- 91

"0E "Ge 0c "G} 07 'S

-—P—-—b—b—-_-—hbh—-—- -—-—h—b—- -_P—P—hPP -—-—-———P

(AaemE

0007

V1S (HV/H2S/20007) (G 2-2-138A) £2430-NnJ

0S8 9yEE0Z

05




%

"GE

Y Ul D,0001 18 PAzISoyIuAs

sidures OnDeg A +: 7 : | [eurwou e 10j waped uonoelyip Aei-x

"0E

"Gc "0c

'9-¢ 31

"G}

P-—rP-_-_.—-—pb-—._-hb_-—.—-—-F.—--—._._--—-.—-

0

™

g

B —— e e T R g

00GE

V1S (HV/NIWG/J0007) WHYCT I8A

asd €caroz

GL



1Y UL D000 ¥ pazIsayuAs
odures QnDegA 6 : G : p [eulou e 10j waned uonorlip Aet-y -G i

N0i7 "GE "0E Ge 0c "Gl 07 G
-_-—-—-—-—-_-—-—-y;-r—b\—-—-—-—--—-—npb_-—-—P—-—-—n——g
D o
|
__
.
_
ﬁ
W
w
o
o
o
(HY/HZ/20007) 9HBGY I8 A

(0S8 °968E0Z




UOMSURI M-9¢ ¢
E:w:EL:iooESEmmEUnm>—_bﬁ_E:Ec:at:;;Ewécﬁ_Emm Q- T

uNow@mE_




90 T JO PIo1j v 10) ([-[-DD) ojdwes QnDeg X [1:9:G jeutwiou € 10} NDA pue JANDAZ Y.L "6-G 814
oD L
0S¢ 00¢ 0S¢ 007

L4 L] L ¥ — i ] L] — T L 1 | N\I@D.m
F A0 a0 00 o o -
i < ® ® Qu&o >0 QVOOOQU ™o p0 0% oL i
n . 0 PO " P OgPafP o 09 L0
- O Ol
- . -
l J1-20°g
I %, | <
R 0. 9 w
N @9 i
i o 11209 =
s . X ) |
i ® .‘ o O @® ]
i g o 00 %o . o ]
i o © op °% ®_ oo ]

% e ° ® ® ®

i % o ge%e0 /0]
I R S
i 2007=H 1
I (VI-1-DD) 11-9-¢ nDegA

A _ N T )




90 001 JO P13y © 10 (1-[-D0) apdwes ONOBG A [1:9¢ [PUILOU 110} N PUR NDAZ 4L of-y Fug

0S¢ 00€ CDL e

007
. G201

IOAZ
INOA

)

{Qdoogoonu

[ 20001 =H
(VI-1-DD)11-9-¢ OnDegA
| 1 1 L : 1

l‘f

4 6961

(nwa) A

_ ¢-20°C




"30 00T JO PI2Y € 10§ (1-[-DD) d[dwes OnDeg A 11:9:G feunwou e 10 IND- Pue WDAZ UL,

ooe ODL  ger

“T1-6 31

007
$-20¢

WOdZ
WO

0]

20 00C=H
(VI-1-DD) 11-9-¢ OnDed X

G20




20O 001 Jo proty v 10j Aﬁ-ﬁuUOv U—Q—Eﬁm OonDedgA [1:9:¢ [vpuniou v 101 IN)-{ puve (A )7 2yl 0O1-y m__

0S¢ 00€ CDL e 007
G
I WDIAZ ©
i WNod e

[ eae
oooloﬁwmoo&og 0
f’”foﬂ”ﬁd C-oC" | W

1

(nwa) N

I 2000 =H
(VI-1-DD)11-9-C OnDed A
— 1 1 1 —

A o) b




sojdumes OnDeRAA [1:9:G [PUILIOU OM]

10J pray onaudew Jo uonouny e se (N7 - IND:I=) Y 29Ua1djtp uonezipudvw oy g, T1-s Ty
(*O0) H
001 0l I |
e 04900
OI-1-0D) WOIZ-WDd  ® o ]
(VI-1-09) WDdZ-WDd O o 1,-002
o] 4
. ]
* 1120
. -
o °o ®
© 12209
o o
11208
| M 001 =L |
(DI-1-0D ‘VI-1-2D) 11-9-C OnDegx ]

(nuR) NV



