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The World Congresson Superconductivity

The World Congress on Superconductivity (WCS) was formed in Houston in
1987 by a group of volunteer,engineers and scientists interested in increasing the
focus on this emerging technology field of superconductivity. The leadership of the
WCS, a non-profit 501(c)3 organization, is comprised of individuals from several major
technical societies such as the Engineers Council of Houston, the American Chemical
Society, IEEE, etc. This group is augmented by leaders of the international research,
academic, science, government and business communities who serve on the Advisory
Board or ad hoc committees. Since its inception, the Advisory Board has been global
in scope with technologists from such countries as Japan, Russia, Switzerland, etc.,
actively involved in steering the direction of our programs.

The goals of the WCS have been to establish and foster the development and
commercial application of superconductivity technology on a global scale by providing
a non-adversarial, non-advocacy forum where scientists, engineers, businessmen and
government personnel can freely exchange information and ideas on recent
developments and directions for the future of superconductive research.

To date, four international conferences have been completed since 1987.
These conferences were attended by over fifteen hundred delegates from thirty-six
nations. The success of these conferences is remarkable in light of the fact that the
WCS has no staff and must rely on monetary donations from the private sector,
foundations and government agencies. In addition, thousands of man-hours have
been donated by the WCS volunteer staff in the organizing of this activities. WCS is
especially thankful for the assistance of Dr. Kumar Krishen as program chairman and
the support from NASA which makes this activity possible.

Because of the uniquenature of the WCS and its success,the organization is
sanctioned by the United Nations and is a member of the UN's Advance Technology
Alert System. The WCS was awarded Leadership Houston's International Corporate
award for its Munich conference in 1992.

Plansare currently underwayfor the 5th International Conference of the World
Congress on Superconductivity, which will be held in July 1996 in Budapest, Hungary.
This meeting will coincide with the 1,100 year anniversary of Hungary. For more
information on this meeting and WCS activities, please contact Calvin Burnham,
President, World Congress on Superconductivity, P.O. Box 27805, Houston, TX
77227-7805; telephone 713-895-2500; fax 713-469-5788;
e-mail: 70425.501@compuserve.com
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POLICY ISSUES INHERENT IN ADVANCEDTECHNOLOGY DEVELOPMENT

Philip D. Baumann
InterFact, Inc.

In the development of advanced technologies, there are several forces which are
involved in the success of the development of those technologies. In the overall
development of new technologies, a sufficientnumber of these forces must be present and
working in order to have a successfulopportunity at developing,introducing and integrating
into the marketplace a new technology.

This paper discusses some of these forces and how they enter into the equation for
success in advanced technologyresearch, development, demonstration, commercialization
and deployment. This paper limits itself to programs which are generally governmental
funded, which in essence represent most of the technologydevelopment efforts that provide
defense, energy and environmental technologicalproducts. Along with the identification of
these forces are some suggestionsas to howchangesmaybe brought about to better ensure
success in a long term to attempt to minimize time and financial losses.

• Need for Consistency in the Administration's Direction

Priorities within the Administration change regularly. These changes can
occur either from a transition from one Administration to another, or within
one Administration itselfwhichhas difficultyin planningwell and stayingwith
a plan which is working. Shifts in policies and thus priorities as they relate
to generalities and then filter down to technologydevelopment can severely
limit and destroy essentiallyeffective technologydevelopment programs. For
example, changes in policyfrom defense to health care cause significant shifts
to occur in the overall make-up of the President's Budget. This shift can
quickly rift through various programs and either weaken them through
sufficient budget cuts or cancel them altogether. The effects on these
programs is seldom, if ever, realized by the powers to be. Worse, some
programs are turned on and off repeatedly over through the years, to where
theyare so fragmented in purpose, their effectivenessin deliveringtechnology
to the marketplace is next to zero.

• Need for an Administration Mentor

Many technologies have been under development in various programs within
the Department of Energy,Defense and Commerce. Most, if not all of these
technologies, require programs of a multiple year nature. Typically,programs
range from two to five years, with a five to ten year program not being
unusual in nature. Certain examples of long term programs in the energy
area are fusion, MHD and accelerator technologies. Large programs having
adequate momentum tend to go toward completion, and do so with an
Administration "Mentor." This mentor typicallyhas a personal interest in the
technology, whether based upon pure personal interest or interest as a
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stepping stone to further opportunities upon successfully completing the
program efforts. This mentor shepherds the technologythrough the various
levels of development and ensures that the program has continuityfrom start
to finish.

Many governmental programs are absent a shepherd. These programs
generally do not experience the same successrate as mentored projects. The
downfalls of these projects include lack of technical continuity, lack of
periodic project review meetings for support gathering, lack of foresight to
out-year funding needs, lack of direction to the contractors involved to ensure
quality outcomes, and lackof attention to schedule. In the end, these projects
very often resemble make-work projects in retrospect. Whether the
supporters of these projects are Congressional, industry or consumer, the
difficultydegree for successis the highest in the absence of an Administration
mentor.

• Need for Consistency in Congress

This may very well be the most potentially detrimental situation in a
technology's developmental life cycle. There are several patterns, and lack
of patterns, within the Congresswhichcan have both chronic and acute effects
on a technology's development. Inconsistencyfrom year to year in funding
on a program can severely affect the quality of continuity in a developing
technology. For whatever reasons, Congress often chooses to delay funding
for a program, or kills a program only to resume it a year or years later. The
effects on the successof the overall program issignificantlyaffected when this
occurs. Other difficulties arise when major shifts on monies are required,
such as with natural disasters, where large blocks of funding are removed
from programs, the effects of which to the specific technologyprograms and
the general welfare of the country are not measured or even know for years
or perhaps never.

Increase awareness on the part of the Congress in applying major shifts in
funding priorities or the shiftingof major programs mayreduce this problem,
however, because of the sheer size of the system and the diversified interest
levels involved,much successis not likely to be achieved.

• Need for a CongressionalMentor

Programs for the development of advanced technologies virtually always
require a Congressional mentor in the beginning in order to have the initial
fundingpower in Congress. The extent to whichthis mentor is committed can
range from merely providingsome effort on behalf of a constituent, or can be
so strong by personal conviction that support remains intact throughout the
term of the program effort in the absence of any parochial interest. In any
event, a Congressional mentor, to some extent, is necessary.
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• Enroll all of Your Project Participants into a Solidified Team

Ensure that all of the participants on the project team, no matter how small
or insignificantthey may appear with regard to the whole picture, are fully
enrolled into the project. Make sure that anyone with the capability to
influence the program, either positively or negatively, is made an important
component in the program, and feels like a contributing player in some
capacity.

• Full Development of Economic Merits of the Technology's Existence

Oftentimes, a technologywill be funded for development, in the absence of
an economic cost/benefit study. Later, a study of this nature is a much
needed commodity in order to justify either Administration or Congressional
support. Instead of assuming the value of a technology as is the situation in
so many cases, a cost/benefit assessment is a small price to pay to be able to
produce such a document at a strategic point in time.

• Need for Broad Interest Base and Consensus of Technology's Value

The broader the consensus of the interest base and value of a particular
technology,the greater the successrate willbe for commercial success. When
supporters come from different viewpoints and angles as to the merit of a
technology,the greater the perceived breadth of applicability the technology
will have. Demonstration of such will be significantly helpful in gaining
Administration and Congressional support.

• Consuming Industry's Support in Technology Direction and Development

Many industries are reasonably aggressive in maintaining a status of what
technologies are under development for their respective industry. Some
industries are not particularly aggressive in exploring what technologies are
under development or available to them. The absence of an industry, or a
sector of an industry,to operate in a manner that allows them to maintain the
latest information on developing technologies, can often result in that
particular technology not coming to fruition for the industry. Oftentimes, a
technology of significant importance and economic merit may not reach
commercial availability because a large enough support base to ensure its
continued fundingdoes not exist. It costsan industryprecious little to provide
a base of enthusiasm, which in many cases is all that is required to maintain
the ongoing viability of a program. The absence of supporters for a
technology at key times of Congressional inquiry as to the level of support
spells almost certain death for the program.
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• Technology Developer's Responsibility to Educate Their Future Consumers

Many programs which are developed by technology developers to fill an
identified potential market niche are often not of presence to the potential
consumer. In efforts to develop a technology,a developingvendor may spend
the majority of-their efforts directly on the development of the technology
under some reasonably tested assumptions that the market will be present.

When the time arrives to again work with the Administration and the
Congress to maintain funding levelsfor out-years,often the developingvendor
is unable to demonstrate hard facts to support a bonafide market. This often
results in either significantlypolitically forced situations to bring about out-
year funding or the loss of support for any fundingwithin the Administration
and Congress, resulting the closure of programs which may have significantly
high merit to the ultimate consumer.

Better education by technology developers to their potential customers may
result in a broader base from whichto demonstrate support and maintain the
viability of a technology development program through to commercial
availability.

• Competition-based Self Defeat of Common Goals

Oftentimes in the development of a technology, governmental program will
employ two or more teams in the early stages to develop competing designs.
This often ensure the government, and consumers with the best design, as
competition can often produce better products and the best components of
each of the designs can be combined into one if applicable.

Because of the oftentimes diversityof approach and philosophy of competitors
to their technology's development and deployment, the Administration and
Congress may hear different messages. While it is not the intent of vendors
to create an atmosphere of confusion or misreading, multiple messages can
sometimes produce the appearances of an non-united front for the
development of a technology. While it is never the intent of a vendor to
potentially jeopardize a program, discontinuity produces confusion, and
confusion produces doubt. Even the fiercest of competitive environments,
competitors should work together to ensure that there are at least the
appearances of a common thread in the overall efforts of a program.

These ten typical issues are indicative of issues inherently present in a majority of
programs. The consideration and incorporation of these simple concepts into any
technology development program requiring governmental support and involvement can
significantlyincrease the probability that the program will be successful.
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Financial Options Methodology
for

Analyzing Investments in New Technology

presented June 29, 1994,at the
4th International Conferenceand Exhibition of the World Congresson Superconductivity, Orlando, Florida

B.D. Wenning profitabilityindex)is often appliedto engineering

problemsin orderto more optimallyallocate

Texas Utilities Services Inc. resources. The use of suchfamiliar techniques
SkywayTower

Dallas,Texas75201 satisfies the requirement for a structuredapproach

to performsuchanalysesas well as providesa

commonbasisfor communicatingeconomic

ABSTRACT justificationto financialmanagers. Presentvalue

methodology,however,may not be suitablefor

The evaluationof investmentsin longerterm analysisof researchand developmentinvestments

researchand developmentinemerging -- thosewhichmay not yieldsignificantresults

technologies,becauseof the natureof such untilmanyyears in the future, hencecash flow

subjects, must address inherentuncertainties, forecasts are uncertain -- since the benefit stream

Most notably, future cash flow forecasts include from the investment is severely discounted.

substantial uncertainties. Conventional present

value methodology, when applied to emerging Near term investments in research and

technologies severely penalizes cash flow development are typically modest in comparison to

forecasts, and strategic investment opportunities near-commercial project capital requirements.

are at risk of being neglected. Research and development expenditures often

times buy the investor early rights to later larger

Use of options valuation methodology adapted and preferential pre-commercial positions. In

from the financial arena has been introduced as essence, the early research and development

having aplblicability in such technology investments give the investor the right, but not the

evaluations. Indeed, characteristics of obligation, to purchase a more substantive position

superconducting magnetic energy storage in the technology in the future. By definition, the

technology suggest that it is a candidate for the investor is purchasing a call option contract -- a

use of options methodology when investment call option gives the purchaser the right to

decisions are being contemplated, purchase shares of an enterprise at an exercise

price on a certain future date.

INTRODUCTION
Options methodology and option pricing valuation

Conventional financial analysis utilizing present are techniques well-established in the financial

value methodology (i.e., discounted payback arena which can be borrowed to more

period; net present value; internal rate of return, appropriately value investments in research and
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development. The recognitionthat research and [N(de)] = probabilitythat a deviationless

developmentexpendituresmaintainthe strategic thand,willoccurina standardnormaldistribution.Thevalueof
optionfor the corporationcan providea a cumulativenormaldensity
perspectivewhich may offset presentinstitutional function.
biastowardbothshort-termevaluationtoolsand

short-termresults.1 E = theexerciseprice

e = exponentialconstant,2.71828

OPTIONS METHODOLOGY r = risk-freeinterestrate

The mostwell knownand commonlyused
t = timeuntiloptionisexercised

techniquefor valuing optionsisthe Black-Scholes

option pricing model (OPM).2 This model's d, = ln(P/E)+[r+O.5(cr2)]t

introduction roughly coincided with the opening of c,fi

the Chicago Board of Trade in 1973 and has been d2 = dl -cry"

accepted for valuing call options. The model _2 = varianceof the rateof returnon
consists of two elements to assessthe value of a the investment

contemplated option purchase. The first element

in the model accounts for the benefit stream Assumptions used in the Black-Scholes OPM are:
anticipated from the exercise of the option. The

1. The call option can only be exercised on
second element accounts for the estimate of the

its maturity date (known as a European
striking price or exercise price at maturity of the

option. The exercise of this option will be option).

necessary to enable the benefits to be realized at 2. No dividends, taxes, or transaction costs

some future date. are associated with the option over the life

of the option.
Stated in equation form:

3. The short-term interest rate is known and

Vo= Po[N(dO]-Ee-'[N(d2)] constant duringthe life of the option.

4. No short sales restrictions exist.
where

I/"o = the valueof the option 5. The price moves randomly in continuous
time.

P0 = the currentpriceof the
investment

A more detaileddescriptionof the model can be
found in a numberof financialtextbooks. Its use

rather than itsderivationare importanthere.

' Mitchell, G.R. and Hamilton, W.F. "Managing R&Das a Strategic Option." Research and Technology Management (May-June
198), 15-22.

2 Black, F. and Scholes, M. "The Pricing of Options and Corporate Uabilities." Journal of PofiticalEconomy, 81 (May-June 1973),
637-654.
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ThefactorsintheOPM canbe illustratedona andperhapsmostappropriatelybeusedto analyze
timelineasshowninFigure1. below, suchnear-terminvestments.Ontheotherhand,

thoseprojectswhichrequireanup-front
pv_,,°r_,,,_.,_u_, investment(i.e.,theoptionpurchaseprice)to
,tt=o_spo reservefuturerightsandwhosebenefitstreamis

Po E f_ conditionedonsomefuturecapitalization(i.e.,the
exerciseprice)indeedrepresenta typicalcall

,_,_F,_s optionsituationwhichcanbeadoptedfromthefinancialarena. Forsituationssuchasthis,
0 t Black-ScholesOPMcanbeused.

FigureI In dealingwithstockoptions,the exerciseprice,E,

isthe additionalcapitalthe investorcan choseto

The interpretationof the Black-ScholesOPM expendat the maturityof the option. In research

equationis rathersimple. The firstelement, anddevelopment,thisexercisepriceisthe

Po[N(d_)], representsthe currentvalue of the additionalstart-upcapitalrequiredfor

investmentadjustedbya factorwhichrepresents commercializationjust priorto initialbenefitsbeing

the variabilityoneexpects inthisvalue, realized. This may appearto the investoras the

Mathematically,the adjustmentisthe probability costfor, for instance,pilotmanufacturingfacilities

that a deviationlessthan d_willoccurinthe to achieve the first batchof benefitsfromthe new

standardnormal distribution. In normalstock technology. The exercisepriceisdiscountedby

options,the first element representsthe present the risklessrate of return,r, continuously

value of the stock. The secondelement, compoundedover the durationof the option,t, and

Ee'"[N(d_)], represents the value of the exercise adjustedby [N(d2)] for the probabilitythat the cost
priceat time of maturity,t, discountedbythe will actuallyoccuras estimated.

risk-free rate of return. The exercise pricealso is

adjustedfor the probabilitythat it willactuallyoccur Again dealingwith stockoptions,the current

as expected, investmentprice,Po, is the presentvalue of the

expected dividendsto be returnedfrom the

investment. In researchand development,PoisAPPLICATION TO RESEARCH &
DEVELOPMENT correspondinglythe presentvalue of the expected

yield from the project. The adjustmentto this

Observationof investmentsin researchand element inthe model, [N(dj)], accountsfor the

developmentsuggestthat the call optionmodel variance of the investmentprice,Po.
canbe applied to researchand developmentor

newtechnologyinvestmentsin certain Most of the factors in the OPM modelcan be

circumstances.OPM is not applicableto those reasonablyestimatedfor optioninvestment

projectswhich are near-term and involve capital analysis. The risklessrate of return, r, is usually

investmentsto achieve final commerciality -- taken as the current U.S. treasurybillor treasury
traditionalpresentvalue techniquesmay readily noterate. Time, t, is the time before the

investmentof additionalcapital,E, is necessary.
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The anticipated benefit stream can be reduced to a Using options methodology also ascribes greater

present value, Po• Estimating the variance, value to projects whose outcome may be

however, can be problematic, uncertain. The variance of longer term projects

increases the probability of larger than expected

As a proxy for the vadance associated with new yields, increasing the value of the option. The

drug development, the pharmaceutical company probability of smaller than expected results is not

Merck uses the annual standard deviation of as detdmental. Downside loss is limited to be no

returns for typical biotechnology stocks in their greater than the option purchase cost. Longer

application of OPM.3 Conservatively, Merck uses term projects which have lengthy periods before

between 40% to 60% for project volatility, they become commercial and which have

uncertain yields do, in fact, increase the value of

Pharmaceutical development is confined within the the option in stark contrast with how such projects

same industry and past performance may provide would be viewed using present value methodology.

some prognosis for future results. However,

typically, new technologies and research and What the Black-Scholes OPM provides is a

development deal with issues without a historical credible tool for the analysis of certain new

pattern from which to draw. technology investments which provide the investor

meaningful insight into the value of, especially,

The model appropriately is sensitive to the projects with long term results.
variance factor. Common sense would dictate that

predictions of actual results are subjective and
POTENTIAL APPLICATION OF OPTIONS

variance will be an important parameter in the METHODOLOGY TO SMES
analysis. Experienced judgment must, therefore,

be utilized to generate a reasonable model input. Superconducting Magnetic Energy Storage

(SMES) has characteristics which suggest that

Two factors in the analysis deserve special OPM may be useful to analyze decisions regarding

attention: (1) the time to maturity and (2) the investment in research and development of the

variance of the estimates. In contrast to present technology. The need for SMES technology exists

value techniques, OPM suggests greater value is today. Utility and customer requirements for

associated with longer term projects. That is, with energy storage range from small kilowatt-second

longer times to maturity of the exercisable option, storage devices for power quality up through the

the greater the opportunity for the value of the large, multi-megawatt-hour, bulk power devices for

investment to rise. Consequently, OPM imputes utility spinning reserve and/or load leveling. The

greater value to long-term projects than perhaps smaller one megawatt-for-one-second SMES

traditional present value techniques which systems are commercially available. One would

exponentially discount and penalize future benefit not find Black-Scholes OPM too useful in

streams, analyzing a commercial hardware purchase

decision? Conventional present value techniques

would apply.

3 Nichols,Nancy. "Scientificmanagementat Merck: An Interviewwith CFO JudyLewent." Harvard Business Review(Jan-Feb
1994)88-99.
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of drug development statistics, newtechnologies

However, research and development investments often confound existing paradigms and, therefore,
in intermediate- and large-sized SMES systems defy simple analysis.
could be analyzed using OPM. Such investments

in research, development, and even demonstration

are analogous to option purchases. The future CONCLUSION

commercial start-up investments necessary to take Use of options methodology such as the Black-

the technology to market are analogous to the Scholes option pdcing model has particular

option's exercise price, relevance to the analysis of early expenditures for

research and development in emerging

Market analyses for utility and customer use of technologies. Financial managers should

SMES devices includes uncertainties. If one were recognize that the usefulness of conventional

to use present value methods to analyze the early present value methodology diminishes as the

research and development investments, framework for the project departs from near-term

depending on the discounting applied to the commercial likelihood. OPM may provide a useful

analysis, such investments may not bejustified, approach to the analysis of such longer term

Despite potential extraordinarily huge benefits from technologies as SMES, not only being a more

the SMES technology and the relatively small appropriate analysis tool but one which financial
investment in research and development, the

managers will already have familiarity.
technology may not get off the ground without

proper analysis of early investments.

Since the early research and development costs

are likened to the option purchase, the use of

Black-Scholes OPM may yield sufficient incentive

to pursue research and development.

IDENTIFIED NEED

To utilize Black-Scholes OPM, one must be able to

estimate the various factors involved in the model.

Further examination of the variability of estimates

of (1) follow-up investment needs, and (2) benefit

streams, from new technology research and

development is necessary to better judge the

appropriate statistical parameter, d,. Unlike stock

options which can be valued based on the stock's

historical variability or like pharmaceutical

research and development which has a database

4 One might, however, findOPM useful ifone were evaluating investment in a start-up company marketing such devices.

409



SMES: Redefining the Path to Commercial Demonstration

W.G. Bingham and R.W. Lighthipe _

Bechtel, San Francisco, California, U.S.A.

San Diego Gas & Electric, San Diego, California, U.S.A.

SMES (Superconducting Magnetic Energy Storage) is an emerging technology offering

tremendous potential benefits to the utility industry. San Diego Gas & Electric

(SDG&E) and Bechtel are leading a team of companies and national laboratories

working towards design and construction of the world's first demonstration facilityfor

large, commercial SMES for enhancing transmissionstability in the Southwestern United
States.

Environmental, economic, and regulatory forces are reshapingthe way utilitiesgenerate, trans-

port, and distribute electricity. Electric power has always been available on instant demand with a

high degree of reliability,flexibility,and control. On the other hand, it has never been easily

stored in large quantities. Environmental limitson generation and the advent of renewables,

deregulation and competition, and the increasing complexityof transmission systems, all point

tov_ardsthe need for a reliableand cost-effective means to store and retrieve electric power.

In SMES, electric energy is stored by circulating a current in a superconducting coil, or inductor.

Because no conversion of energy to other forms is involved (e.g., mechanicalor chemical), round-

trip efficiencyis very high, upwards of 90%. SMES can respond very rapidly to dump or absorb

power from the grid, limitedonly by the switchingtime of the solid-state components connecting

the coil to the grid. SMES can typicallyrespond to a grid transient and achievefull power in

about 100 ms (or six cycles).

SMES was initiallyconceivedas a load-levelingdevice to store energy in bulk to reduce a utility's

daily peak demand. In that sense, SMES would fillthe same market niche as pumped-hydro,bat-

teries and compressed air energy storage (CAES). Because of its fast response, SMES can pro-

vide benefit to a utilitynot just as a load-levelingdevice, but also by enhancing transmissionline

stability and power quality. SMES can be viewed as a Flexible AC Transmission System

(FACTS), with the added dimensionthat it can insert real power into the grid. Such capability

can significantlyimprove transmission linedynamics, allowing for higher load transfer without
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compromisinggridstability.Linestabilizationwillbe the utilityapplicationleadingto the first
commercialdemonstrationof SMES.

Since the technology of low-temperature superconducting (LTS) wire is fullymature, early SMES

units willbe based on LTS. Thiswill ensure timely demonstrationof the integrated technology,

and the development ofa SMES market. High-temperature superconductors (HTS) can then be

introduced as that technology matures in order to further reduce costs and increase the operating

efficiency.

For the past six years, Bechtel has led a team of companies and national laboratoriesin the devel-

opment and testing of a new and economical design leading to the world's first commercialdem-

onstration SMES unit. This report describesthe recent design breakthroughs, and the current

efforts by San Diego Gas & Electric and the Bechtel Team to proceed with a utility demonstration

of the technology: SMES-1.

PRINCIPLES OF OPERATION

As an energy storage device, SMES is a relatively simpleconcept. It stores electricenergy in the

magnetic field generated by DC current flowing through a coiled wire (see Figure 1). If the coil

were wound using a conventionalwire such as copper, the magnetic energywould be dissipated

as heat due to the wire's resistance to the flow of current. However, if the wire is superconduct-

ing (no resistance), then energy can be stored in a "persistent"mode, virtually indefinitely,until

required.

The coil is cooled to liquid helium temperature to achievesuperconductivity. The superconductor

of choice for this application is a niobium-titaniumalloy. When the coil is energized, it is subject

to outwardly radial electromagnetic forces (Lorentz loads) that need to be restrained.

The coil is a DC device, yet charge and discharge are usuallyaccomplishedthrough an AC utility

grid, so that a power conditioning system (PCS) is required as the interface. The PCS can use a

standard solid-state DC/AC converter to transfer power back between the superconducting coil

and the grid/load.
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HISTORY OF SMES DEVELOPMENT

Although superconductivity was not discovered until 1911, the idea of storing energy in the mag-

netic field of a coil is over a hundred years old, going back to the time ofNicola Tesla. Super-

conducting magnets as energy storage devices were proposed in the early 1960s. The use of

SMES for a utility application (load-leveling) was first proposed in the late 1960s in France. In

the U.S., research on SMES started in the early 1970s at the University of Wisconsin, and soon

after at Los Alamos National Laboratory (LANL). A joint effort between LANL and Bonneville

Power Administration (BPA) led to the design, construction, and testing of a 30 MJ

(8.3 kWh)/10 MW SMES unit used on the Pacific Intertie transmission line operated by BPA to

rid the line of unwanted sub-synchronous oscillations. The SMES unit built, by General Atomics,

operated successfully for a year between 1983 and 1984. The BPA unit demonstrated the feasi-

bility of the SMES concept for utility application. Industrial participation in the development of

SMES started in the early 1980s, when Bechtel became involved with the technology through

work with the Electric Power Research Institute (EPRI) and LANL.

In 1987, the Department of Defense (DOD) selected SMES as the only feasible power supply

option for the ground-based free electron laser, which was under development as part of the Stra-

tegic Defense Initiative. The DOD launched the SMES Engineering Test Model (ETM) program

to demonstrate the feasibility of the technology for the dual purpose of a power supply for mili-

tary applications and energy storage for the utility industry. The SMES-ETM was designed to

store 20 MWh (72 GJ), and deliver up to 400 MW.

Between 1987 and 1990 DOD, through the Defense Nuclear Agency (DNA), funded a design

competition to develop a conceptual design for the SMES-ETM. Two design teams, one of

which was led by Bechtel, were awarded contracts of approximately $15 million each over a

2.5 year period. When the SDI's free electron laser project was terminated the SMES-ETM

program was halted. However, after a 2-year hiatus, DOD resumed the SMES development

competition and awarded a total of $30 million as part of a program to reduce risks of the

conceptual designs and to better define costs (the latter with EPRI support). Under DNA's

sponsorship, the Bechtel Team recently completed this successful risk reduction program through

component development and testing. As a result of this work, the Bechtel Team design has bro-

ken with prevailing thinking, and moved from using the earth to contain the electromagnetic

forces to a self-supporting coil concept. The tremendous advantages of self-supported SMES are

apparent in Figure 2. The result of this paradigm shift is a more reliable, affordable, marketable

product, and a new path to technology demonstration.
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DNA also conducted a Utility Applicationseminar to determinethe ranges of energy and power

for different applications. The results of this workshop are summarized in Figure 3. To assure

low risk technology, DNA formed a Technical Review Committee (TRC) consisting of EPRI and

recognized experts on superconductivityapplications and chartered them with reviewing the

design. In addition to reviewingthe underground earth supported design, the TRC also con-

ducted an in-depth review ofBechtel's above-ground self supporting coil design described in the
next section.

SELF-SUPPORTING SMES DESIGN

The major elements comprisinga self-supported SMES plant are shown in Figure 4. The propor-

tions shown are for a 1MWh/500 MW unit. The centerpiece is the superconducting coil, en-

closed in a vacuum vessel to minimizeheat loads to the helium cryogen. The power conditioning

buildinghouses the power conditioningsystem equipment required to interface between the elec-

tric power grid (and switchyard) and the coil. The switchyard is also part of this system. The

cryogenics buildinghouses the major components of the cryogenic and vacuum pumping systems
that cool the coil, and the administration buildinghouses offices and the control room.

All the magnetic forces to which the coil is subjected are reacted to by the coil structure itself, so

that the system can be built above ground. Initiallyit was believedthat large-scale SMES would

only be economical with earth (warm) support. The present design, however, uses a strong cable-

in-conduit conductor which allows for an efficientsupport structure. In this concept, a self-sup-

porting coil is substantiallycheaper than its earth-supported counterpart for stored energies up to

3,000 MWh. This is a major departure from prevailingthinking.

The added cost for coil material (alloy aluminum)in the self-supportingdesign are more than off-

set by cost savings through simplificationand enhanced constructibility. Major systems and com-

ponents are eliminated: trench, cold-to-warm supports, shieldpenetrations, coil attachments,

associated instrumentation and parts, etc. The simplifiedself-supporting system is shown in
Figure 5.

The self-supported design is also easier to construct, leadingto cost reductions through shortened

schedule and reduced risk. There are fewer parts to install and keep track of, construction is

above grade, and the thermal shield system (a labor intensive item) is much easier to install due to
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less demanding tolerances and absence of complicatedpenetrations. The end result is a 30% cost
reduction and a 25% reduction in construction schedule.

In addition to lower capital costs, the eliminationof conduction losses through the cold-to-warm

supports also reduces operating costs. As the coil is above ground, sitingflexibilityis excellent

because soil conditions and water table considerations are completely removed.

The self-supporting SMES system is not only lower in risk, it is also very scalable. By changing

the size of the conductor, the aluminumdump shunt/support, and pultrusion support/insulation

member, the same basic design can be adapted for coils storing from 1MWh to 1,000MWh and

more (see Figure 6). This scalability,and the reduced cost and risk of the self-supporting design

define a new path for the demonstration and commercialization of SMES.

THE NEXT STEP: SMES-1

While the key components have been successfullymanufactured and tested, demonstration of

SMES technology as an integrated system is a prerequisite to broad acceptance and application by

the utility industry. In addition to demonstrating SMES technical performance, it would provide
the cost and scheduleinformation needed to back future investment decisionsby the utilities.

SDG&E and Bechtel are presently activelypursuing the formation of a consortium to design, con-

struct, and operate a demonstration unit. The mission is to stimulate the development of a

domestic SMES industry through a government, utility, and industry cost-sharing demonstration

(SMES-1 prototype) program while simultaneouslyenhancingutility asset efficiencyin the

Southwest United States. Although still in its definitionphase, SMES-1 is envisioned as a 1to

3 MWh device, with a power capabilityof 500 MW, and connected to the gridin a transmission

stabilizationmode (the dimensionsshown in Figure 4 roughly correspond to a 1 MWh coil and a

500 MW PCS). SMES-1 willbe located at SDG&E's Blythe, Californiasite and would increase

simultaneous load-transfer operating limits by 8% for import of power to Southern California.

The experience gained with this plant would advance SMES technology for other utility applica-

tions, providing such benefits as increased transmission capacity, voltage control, SSR damping,

tie line control, spinningreserve, frequency control, energy storage (renewables), underfrequency

load shedding reduction, and black start. The SMES-1 plan is fullyresponsive to DOE's national

energy strategy which calls for the utility industry to meet the challengesof accommodating in-

creased transmissionsystem access, resulting in greatly increased complexity of control and pro-
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tection without compromising reliabilityof service; accommodating the need to increase asset

utilization while minimizingnew capital investment through modernization and plant life extension

and reliability-centeredmaintenance; automation of the energydelivery system for expanded

customer services and full adoption of integrated resource/delivery planningand operation; inte-

grating distributed generating resources that maynot be utility-owned or -controlled; increasing

the power transmissioncapability of existing right-of-way corridors to offset difficultiesin siting

new corridors; and incorporating energy storage technologies as a viable option.
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Modular Transportable Superconducting Magnetic Energy Systems

Dennis Lieurance, Foster Kimball, and Craig Rix
Martin Marietta / SpaceMagnetics, San Diego, California

Abstract-Design and cost studies were systems incorporating design andtechnology
performed for the magnet components of advancements made by Martin Marietta
mid-size (1-5 MWh), cold supported SMES during the SMES-ETM program and have
systems using alternative configurations, been confirmedusingboth parametricstudies
The configurations studied included and point designs of systems designed for
solenoid magnets, which required onsite energy storagecapabilitiesfrom 1 to 1,000
assembly of the magnet system, and toroid MWh [2].and racetrack configurations which
consisted of factory assembled modules.
For each configuration, design concepts The realization that demonstrating earth
and cost information were developed for the supportedsystems is not necessary, greatly
major features of the magnet system increases the design flexibility and
including the conductor, electrical opportunitiesfor cost savingson mid-size (1-
insulation, and structure. These studies 5 MWh) SMES systems. For systemsin this
showed that for mid-size systems, the costs size range, magnetcosts are driven more by
of solenoid and toroid magnet fabrication and assembly operations than by
configurations are comparable and that the material costs. Therefore, designs which can
specific configuration to be used for a minimize labor costs and construction
given application should be based upon schedules through the use of standardized,
customer requirements such as limiting
stray fields or minimizing risks in factory assembled modules have the potential
development or construction, to become competitivewith systems that are

assembled in-situ. Design and cost studies
were performed for the magnet components

INTRODUCTION of mid-size (1-5 MWh), cold supported
Designs for superconductingmagneticenergy SMES systems using three alternative
storage systems have been under configurations. The configurations studied
development for several decades as a means included solenoid magnets, which required
for providing efficientelectric energy storage, on-site assembly of the magnet system, and
Potential applications for these systems have toroid and racetrack configurations which
ranged from small systems, similar in size to consisted of factory assembled modules.
current laboratory magnets, providing power
quality control to massive systems designed
for diurnal load leveling capable of storing DESIGN REQUIREMENTS
several thousand megawatt-hours. Until The requirements for the SMES magnet
recently, the major focus for large scale system were based upon the data generated
design studies has been on low aspect ratio and lessons learned from the SMES-ETM
solenoids that have depended upon earth (or program and from input from potential
warm) support systems to react the radial customers in the government and electric
Lorentzloads. This was because it has long utility industry. These requirements were
been advocated that large-scale SMES can divided into two categories, system
only be economical with earth (or warm) requirements and coil pack requirements.
support [1]. This belief has driven the design The system requirements included general
of large scale systems and demonstrating system level objectives necessary to ensure
earth supported systems was considered that the design met technology and cost
essential for engineering test models intended objectives. These requirements included
to demonstrate SMES technologies, demonstrating critical technologies for
However, recent cost studies have shown SMES, minimizing costs and risks, and
that the economical cross-over point for cold developing a system that provides siting
and warm supported designs is much higher flexibility.
than previously believed and that cold
supported designs will be less expensive than The coil pack requirements were more
warm supported designs for any application specific and included design criteria and
likely to be built in the foreseeable future, constraints developed during the SMES-ETM
These cost studies have been based upon program that directly affected the design of
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the magnetcomponents. These requirements structural purposes so there is a large thermal
included the use of a high current (100 kA) margin in the system as well.
cable-in-conduitconductor operating at 1.8 K
and the use of a coil pack design which is self The electrical insulation system serves to
supporting and which is capable of absorbing electricallyinsulate the conductor turns from
the stored energy during an energy dump. each other and the ground. The primary

insulation consists of a layer of Kapton tape
CONFIGURATION OPTIONS wrapped around the assembled conductor and
The configurations studied included solenoid dump shunt. A layer of pre-impregnatedfiberglass tape is wrapped over the Kapton to
magnets, which required on-site assembly of protect the Kapton from tears or abrasion.
the magnet system, and toroid and racetrack An outer case, consisting of precured and
configurations which consisted of factory formed fiberglass components, serves to hold
assembled modules. For each configuration, the layers of the coil pack together and also
preliminary designs were prepared for provides additional redundancy for electrical
various size coils ranging from 1 to 10 MWh insulation purposes.
of energy storage capability. A comparison

between these configurations for a 1 MWh Each of the major components (conductor,
system is shown in Figure 1. dump shunt, and electrical insulation

segments) is fabricated offsite and assembled
Solenoid Coil Description The solenoid coil into the coil onsiteusing field assembly joints
pack consists of a two radial layer, helically
wound coil as shown in Figure 2. The major and splices. This minimizes material usagebut results in extensive onsite labor and
components of the coil pack assembly include inspection procedures.
the conductor, dump shunt, and electrical

insulation system. The dump shunt consists ToroidCoilDescription The toroid coil pack
of an aluminum extrusionwhich provides the
thermal mass necessary to absorb the stored consists of 36 oval shaped modulesapproximately 14 feet wide by 47 feet long
energy during an energy dump and also arranged in a circular configurationas shown
provides the structural support for the axial in Figure 3. Each module consists of 16
and radial Lorentz loads. For a mid-size conductor turns arranged in two layers. The
SMES, the cross-sectional area of the dump primary electrical insulation consists of a
shunt is governed by the width required to layer of Kapton tape wrapped around the
install bolts at the fieldassembly joints. This conductor turns. A layer of fiberglass tape is
results in the structure being oversized wrapped over the Kapton to protect thebetween joints so that structural stresses are
relatively low. The area required for thermal Kapton from tears or abrasion. This
mass purposes is lower than that required for assembly is then vacuum pressureimpregnated to form the conductorassembly.

1 MWh SOLENOID 1 MWh TOROID 1 MWh RACETRACK
162Turns 36 Coils 24 Modules
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This conductor assembly is then placed into a
structural case. The case consists of inner
and outer leg segments. The inner leg case
wall is designed to be wedged together with
adjacent modules to form a bucking cylinder
to react the inward Lorentz loads from the
toroid. Tension straps running from the
inner leg to the outer leg are used to reactthe
outward Lorentz loads on the outer leg.

Each module is designedto be fabricatedin a
factory and then shipped to the site.
Fabricating modules in the factory provides
for a cleaner and more controlled

environment for conductor and insulation Figure 2. Solenoid Coil Configuration.fabrication, allows for the use of rate tooling
and trained and experienced technicians, and
improves quality assurance, including the
capability for testing of the completed
modules priorto shipping, when compared to
the field assemblyoperations required for the
solenoid.

Race Track CoilDescription The race track
coil pack consists of 24 racetrack modules
approximately 14 feet wide by 47 feet long
stacked on top of each other as shown in
Figure 4. These modules are similar to the
modules used for the toroid with
modifications to the case walls to react the
different Lorentz Loads.

COIL COMPARISONSUMMARY
The design studies demonstrated that all of
the configuration operations were technically
viable and were capable of satisfying the
design requirements of demonstrating critical
technologies for SMES, minimizing costs
and risks, and developing a system that

provides siting flexibility. Figure 3. Toroid Coil Configuration.

The critical superconducting magnet
technologies for cost effective large SMES
systems include high current cable-in-conduit
conductors, 1.8 K helium operation, high
voltage electrical insulation, and quench
protection systems capable of handling the
large amounts of stored energy. All of the
configurations studied demonstrate these
technologies. The major differences are in
the design of the structure required to react
the loading conditions which are unique to
each configuration. However, the structural
behavior of the materials and design
configurations are well understood and are
predictable using currently available
technologies. Figure 4. Race Track Coil Configuration.
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Althoughthe risksfor any configurationare differencesin the costsbetweenthe solenoid
consideredto be reasonable,the toroid and and toroidmagnetsshouldnot be the major
race trackconfigurationsoffer advantagesin factorin choosingthemagnetconfiguration.
severalkey areas. The first advantageis in
technologydemonstration. For a solenoid
system, technologydemonstrationis limited Table1. 1MWhCoilCostComparison.
to the component level and system
verificationrequiresa full scale unit. For a Solenoid SolenoidToroid
modular system, technologydemonstration RaceTrack
can be performed on full scale modules Field Labor
allowing critical design and manufacturing
technologies to be fully verified before Cost $1.4M $0.2M s0.aM
committingto a full-upsystem. The toroid Time 12mo 3mo 3mo
magnetsalso utilize technologieswhich are
common to other ongoing large FactoryLabor $2.0M $3.2M
superconducting magnet programs such as Material $3.1 M $6.1 M $ 7.0 M
ITER and TPX. Developmentsin coil
windingandelectricalinsulationtechnologies Conductor
could be shared with those programs. The Cost $1.9 M $2.3 M $ 3.6 M
finaldifferencein risk minimizationis in the Length 33,400' 40,600' 60,900'
repairabilityof a productionunit. The repair
of a faulty section of a solenoid would TOTAL $6.4M $10.6 M $14.1 M
require the removal and replacementof a
largesectionwhichis essentiallyintegralwith
adjacent components. The toroid and CONCLUSIONS
racetrack designs are based upon The study concluded that transportable,
interchangeablemodules which are only modular coils can be cost effective when
connectedat a few carefully selected field consideredaspartof an ongoingbusinessfor
assemblypoints SMES devices around 1 MWh. They are

alsoeffectivein incrementallydemonstrating
All of the configurationsoffer considerable the technologiesrequired in larger scale
sitingflexibilityin that theyare free standing devices. Theyofferthepossibilityof a lower
systems that do not require special soil riskdemonstrationdevicedueto the abilityto
conditionsto react the magneticloads. The test singlemodulesindividuallyat cryogenic
majordifferencesarein the strayfieldeffects temperatures,priorto the entirearray.
due to the magnet configurations. The
solenoidand race track generatea field that On the other hand, truck transportable
requires a circle approximately230 feet in modulesarenotparticularlycosteffectivefor
radius before the 10 gauss limit is reached, constructingdevices larger than 5 MWh,
thetoroidgeneratesalmostno strayfieldand unless the transportation limits can be
the 10 gauss limit is contained within the significantlyincreasedby either exceeding
vacuumvessel, normal truck/rail sizes or by limiting

applicationsto bargeaccessiblelocations.
The results of an analysis of the direct
manufacturingcosts of the different coil This studywasfundedby MartinMarietta.
configurationsare shown in Table 1. The
costs ranged from $6.4Mfor the solenoidto
$14.1Mfor the toroid. Additionalanalysis, REFERENCES
which includes the effects of the reduced 1 Verga, R.L., "SMES and other large-
onsiteconstructiontimefortherace trackand scale SDI cryogenic applications", Adv.
solenoid and incorporates learning curve Cryo. Eng., 1990,35A.
effects for multiple SMES units, is in the
processofbeingperformed. This analysisis 2 Rix, C., et al, "A Self-Supporting
expectedto showthat the total systemcost SuperconductingMagnetic Energy System
differenceis less than that shownwhenonly (SMES) Concept", presented at the 15th
magnet manufacturingcosts are included. International Cryogenic Engineering
When compared to the total system cost, Conference.
which is in the range of $60M-$70M,the
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Optimization of the Deposition Conditions and Structural

Characterization of YiBa2Cu307.x Thin Superconducting Films.

J. Chrzanowski, S. Meng-Burany, W.B. Xing, A.E. Curzon, B. Heinrich
and J.C. Irwin, Department of Physics, Simon Fraser University, Burnaby,
B. C., Canada V5A 1S6.

R.A. Cragg, H. Zhou, F. Habib, V. Angus and A.A. Fife, CTF Systems,
Inc., 15-1750 McLean Ave., Port Coquitlam, B.C., Canada V3C 1M9.

ABSTRACT

Two series of YiBa2Cu3Oz thin films deposited on (001) LaA103 single crystals by
excimer laser ablation under two different protocols have been investigated. The research
has yielded well defined deposition conditions in terms of oxygen partial pressure p(02)
and substrate temperature of the deposition process Th, for the growth of high quality
epitaxial films of YBCO. The films grown under conditions close to optimal for both jc
and Te exhibited Tc > 91 K andjc ->4 x 106 A/cm2, at 77 K. Close correlations between
the structural quality of the film, the growth parameters (p(O2), Th) and Jc and Tc have
been found.

1. Introduction.

There are several technological difficulties which occur in the growth of high-To

films regardless of the deposition technique. These involve optimization of the oxygen

partial pressure, the substrate temperature, the substrate surfacepreparation, the laser beam

energy density, cooling procedure, etc. Moreover the deposition of superconducting oxides

is further complicated because of the multielemental structure of the compounds and their

sensitivity to film cation-composition [1] and oxygenation [2] which substantiallyinfluence

both the superconducting properties and morphology of the f'flm[1,2]. These observations

clearly manifest the importance of a precise and reliable controlof the growthparameters of

copper oxide superconducting films.

To investigate the many growth parameters the precise control of the oxygen

pressure, p(O2), and substrate temperature, Th, must be identified first. The aim of the

present research was thus twofold: 1) Optimization of the deposition conditions for the

growth of epitaxial films with the highest jc and To, exhibiting simultaneously the best
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morphology. 2) Structural characterizationof the film and a search for correlations between

the structural and superconducting properties of the film.

2. Experimental.

Thin films of YBCO were prepared by laser deposition using a YBCO target and

pulsed excimer laser. The substrates used were LaAIO3 (001) single crystals which

possess a lattice spacing a = 3.79/_, which is closely matched to the a-b plane spacing of

YBCO. A Lambda Physik LPX 2051 excimer laser with _L= 248 nm (KFr) operated at a

repetition rate of 5-10 Hz, and at a fluence of 1.5J/cm2 was used. The illuminated area was

4 x 2 mm2, and the laser was equipped with special electrodes to improve the beam profile

uniformity. Two similar systems were used to obtain films fabricated under the two

different protocols. In protocol 1 (film series 1), a constant temperature of the substrate

heater was maintained (Th = 820 oC) while the oxygen partial pressure in the deposition

chamber was variable (50 < p(O2) <300 mTorr). In protocol 2 (film series 2), a constant

pressure of oxygen was maintained (p(O2) = 200 mTorr), while the temperature of the
heater was variable (740 <Th < 820° C).

For protocol 1 the target holder was a Kurt J. Lesker Co, Polygun system which

holds up to six 2.5 cm diameter targets in a hexagonal carousel rotated under computer

control synchronized with the laser fh'ing. In protocol 2, a single YBCO target was rotated

around the axis normal to the target face. In both systems the separation between the target

and the substrate was the same; s = 5 cm.

After deposition using either protocol the films were cooled slowly (5° C/min)

down to room temperature in 600 mTorr of oxygen. The resulting film thickness was 3000

/_. The films were very smooth exhibiting a mirror-like appearance. Microscopic

observations, however revealed the existence of numerous pinholes (of sub-micron size)

which apparently did not affectjc and Tc in the films.

Application of the two different deposition protocols enabled us to explore regions

in the p(O2) vs. 1/T phase diagram of YBCO situated close to the YBCO stability line,

Fig. 1, which according to previous reports [3-5] represent the most promising regime for

the growth of high quality YBCO films.

To obtain the best conditions for the film growth in terms of the oxygen pressure

and the substrate temperature during the film deposition, the phase diagrams p(O2) versus

1/T for YBCO by Bormann, Hammond and Noelting (B-H-N) [3,4] and by Beyers and

Ahn [5] were used for a starting point in the studies presented in this paper. However, one
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has to remember that the specific conditions for film growth may vary between different

systems and methods of f'timdeposition.

In Fig. 1 the continuous dark line denotes the most recent [5] thermodynamical

stability line for tetragonal YBCO, while the discontinuous one represents a previous

stability line [3,4] and is shown only for comparison. We will discuss our results with

regard to the new stability line. The critical current density, jc, and the critical temperature,

To, were determined by an inductive method [6]. The width of the superconducting phase
transition was ATe- 0.5K.

Temperature, Th [°C]

900 850 800 750 7001000

©

,y

100

=o
10

© 0.8 0.85 0.9 0.95 1 1.05

1000/T h [l/K]

Fig. 1. Graph of oxygen partial pressure p(O2) versus temperature T showing the critical stability line
for tetmgonal Y1Ba2Cu30 z (z = 6.0), according to recent data (Ref. 5); continuous line.

The old stability line published by Bormann, Hammond and Noelting (Ref. 3 and 4) is also
shown for comparison as a broken line. The black and whiteareas denote the p-T phase space
whereseriesI and2 weregrown,respectively.

3. Results and discussion.

3.1. Optimization of the growth conditions.

The measurements of Tc andJe as a function of the oxygen partial pressure p(O2)

and the substrate temperature Th are presented in Figs. 2 and 3. It is interesting to note that

while the critical temperature appears to be a monotonic function of p(O2) and Th, the
critical current density Jc in the films in both series exhibits a distinct maximum as a

function of p(O2) or Th. The highest Tc was 90 K in series 1 (variable oxygen pressure),

and 92 K, in series 2 (p(O2) = 200 mTorr), while maxima of Jc were 3.4 and 4.5 x 106

A/cm2, respectively. On average both parameters, Tc and Jc, were somewhat higher in

series 2, though the differences in Jcremained practically within the limits of experimental
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errors of jc (+ 10%). As can be seen in Figs. 2a and 3a, the critical temperature Tc was

observed to rise with an increasing oxygen partial pressure p(O2), approaching a saturation

value of 90 K for p(O2) > 200 mTorr. However when the substrate temperature Th was

increased from 740 to 820 oc, at p(O2) = 200 mTorr, a systematic decrease in Tcfrom 92

to ~88 K was observed. In both film series p(O2) and Th moved in the phase diagram in

the directions above and to the right of the stability line.

Figures 2 and 3 showed that the highest values of To andjc do not occur under the

same deposition conditions. Note that the highest values ofjc (Figures 2b and 3b) occur in

the vicinity of the stability line of tetragonal YBCO where less perfect crystalline structure

can be expected.
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Fig. 2. Critical temperature Tc (a) and critical current density Jc (b) as functions of the oxygen pressure
duringf'dmdeposition(protocol1).
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Fig.3. CriticaltemperatureTc (a)andcriticalcurrentdensityJc(b)asfunctionsofthefilmdeposition
temperatutre Th (protocol 2).
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3.2 Structural Characterization of Films.

Structuralcharacterizationof film seriesI and2 have been carriedout employingX-
ray diffraction(XRD), scanningelecron microscopy(SEM), energydispersiveanalysisof
X-rays(EDAX) and Ramanspectroscopy.

A typicalX-raypatternof a YBCO film belongingto series2 is presentedin Fig. 4.
It is evident thatonly (00£) Braggreflectionsare presentindicatinga highlyc-axis oriented

texture.The (00£) lines behaved in a similarmannerand thereforeonly the changes in the

(005) line were used to characterizethe films. The intensityratioof the (005) X-ray peaks

with respect to the background,for the films depositedunderconditions close to optimal,

was in excess of 2000. Whentheratio of the countrateI(005)/backgroundincreased above

~1000, it was possibleto observe the splittingof the K0q andK0t2CopperX-raydoublet.

The peak half-width for an individual Ks-line reflection was observed to be A(20) =

0.07°, which indicatesexcellent crystallinityin the film. A corroborationof the structural

perfection was provided also by measurements of the mosaic spread and electron

channeling patterns. The in-plane epitaxy, was also investigated by using Raman

spectroscopy[7]. The Ramanmeasurementsshowed thatthe degreeof theepitaxialgrowth
occuredover 82 to 95%of the sampledarea.

I 0°

4 14 24 34 44 54 64

Angle 20

Fig.4. A typicalx-raypattern fora f'llmfrom series1. Tc = 89.6 K,Jc = 2 x 106A/cm2.

The elemental composition of the films determined fromEDAX measurements was

approximately constant and the average metal content was in the ratio Y" Ba : Cu = 1.14 :

1.57 : 3.00, indicating that Ba-deficient films were grown.
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Rocking curve measurements of the (005) peaksperformed for both series of films
showed that their half-widths did not exceed Ao)= 0.6o. The best films exhibited a small

mosaic spread, Ac0- 0.20° [8]. In Fig. 5 the dependence of Ao)as a function of p(O2) is

shown. Clearly a rapid narrowing in the line-width occurs when the oxygen pressure rises
above -150 mTorr. This behaviour indicates a sensitivity of the film structureto the oxygen

partial pressure and very likely corresponds to the isotherm Th = 820 oC crossing the

stability line in the YBCO phase diagram [5], see also Fig. 1. For p > 200 mTorr, the

mosaic spread in the films was roughly constant.

The growth carried out above the stability line results in a marked improvement of

the superconducting parameters. While the changes in Tc are small (~2 K), the critical

current density rises almost by a factor of 3 with an increase of the oxygen pressure from

150 to 200 mTorr. A further increase of the oxygen pressure to 300 mTorr leads to added

improvement of the film structure (At0= 0.22°), but simultaneously the decrease of critical

current, apparently due to a reduction of the number of flux pinning sites.
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Fig. 5. Rocking curve width of the (005) x-ray reflections plotted against oxygen pressure
in the deposition system during film growth, Th = 820°C.

In series 2 the mosaic spread was constant at A0_= 0.25° + 0.03°. This value is

very close to that observed in film series 1 which were grown above the stability line

(p(O2) > 150 mTorr). The maximum in Jc for f'flmseries 2 appeared at Th = 760-770 °C,

see Fig. 3. Since the mosaic spread was nearly constant in series 2, one can argue that the

variations in Jc were caused by changes in the film cation-composition. The critical current

density Jc has been found to be a very sensitive function of the f'dm-cationcomposition [1].

Very small variations (+ 0.01-0.02) in the Cu content (metallic fraction Cu/(Y + Ba + Cu))

resulted in a 5 fold decrease ofjc [1]. Our EDAX measurements for the films of series 2
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showed, in fact, small systematicvariationsin the Cu/(Y+ Ba + Cu)andBa/Y ratios. They
were found to changefrom 0.51 to 0.54 andfrom 1.32 to 1.41,respectively.It is therefore

possible that variationsin the measuredcationconcentrationsmay accountfor a constant
width of the rockingcurvesandfor the simultaneousoccurence of a maximuminJc at760-
770°C, Fig. 2. Contraryto the behaviour ofjc the critical temperatureis a much weaker

function of the Cu content [1]. A more extensive discussion of the effect of changes in
metalcompositionon the structuralandsuperconductingpropertiesof YBCO films will be
presentedelsewhere [9].

In film series 1 the c-axis lengthwas observed to correlatedirectlywith the oxygen

partialpressure,indicating a linearshorteningof the c-axis with increasingoxygen partial
pressure. It changes from c=11.75/_ (at 50 mTorr)to 11.66 + 0.01 /_, (at 200 mTorr),

Fig. 6. Forpressuresp > 200 mTorrthe c-axis lengthremainsapproximatelyconstant.

In film series2, changes in Thhada ratherlimitedeffect on the c-axis length upto

800°C. As can be seen in Fig. 7 a small shorteningof the c-axis length(-0.02/_) occured
in the temperaturerangefrom740 to 800oc. The Ramanmeasurementson films of series2

showed that the 0(4) vibration frequencychanged verylittle from 500 cm-1 (at740 °C) to

503-504 cm-1 (at 780-800°C). These results also indicate thatvarying Th from 740 to

800K changes the oxygenation of the films insignificantly [10]. The frequencyrange of
the 0(4) vibrations (> 500 cm-1) indicates that the films grown below 800°C were

practicallyfully oxygenated, thatis the oxygencontent was > 6.9 [10]. Above 800 oc, an

elongationof the c-axis lengthseems to occur,likely becauseof a smalleroxygen uptakeat

this temperatureand this pressure (in the vicinity of the stability line). Indeed Raman

measurementsshowed a smalldecreaseof the 0(4) vibrationfrequencyfrom -504 cm-1in

films grown at 780°C to 500 cm-1 in those grown at 820°C, which mayindicatesome
L i i t _ i
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Fig. 6. C-axis parameter, co, as a function of the oxygen pressure during film deposition.
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Fig. 7. C-axis parameter, co, as a function of the temperature of the film deposition, Th.

oxygen loss. Fig. 8 shows that at a constant oxygen pressure of 200 mTorr, the c-axis

length reaches its minimum for Th close to 780°C (+ 20°C) yielding c = 11.66+ 0.01 tl,.
Close correlations have also been observed between the c-axis length and the Tc

and Jc parameters in the films grown in series 1 and 2. Maxima in both Tc and jc appear

when the lattice parameter c0 = 11.66-11.68/_, see Fig. 8 and 9. In film series 1 (variable

oxygen pressure) Tc apparently passes through a maximum as a function of co whosevalue

changes due to the change in oxygen content. A decrease of Te by ~IK seems to occur for

the highest pressure (300 mTorr). This observation seems to be in agreement with other

reports [11], showing that the maximum of Tc in Y1Ba2Cu3Oztakes place for the oxygen

content z = 6.93 (_+0.02),not z = 7.00. The dependence of Tc versus c-axis length

presented in Fig. 9 can be approximated by a quadratic function, which is very similar to

• - series 1

85

".2.
"7-, 80

11.64 11.66 11.68 11.70 11.72 11.74 11.76

c-axis length, c[A]

Fig. 8. Critical temperature Tc of the YBCO films grown at a constant oxygen pressure (open squares)
and constant temperature (black circles) as a function of the lattice parameter c0.
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that illustrating the dependence of Tc on hole concentration (h+)per CuO2plane, induced

either by chemical substitutions [12] or the oxygen content [13, 14].

The films from series 2 (variable Th) exhibitedrelatively small changes in c0 which

is consistent with small variations in Te (-2K), see Fig.8. These changes in Te due to

variations in co are very likely caused by small systematic changes in the film cation

composition as discussed above. However, the critical current density is very sensitive

even those small changes in co, see Fig.9. This observation is in agreement with other

reports [1] and will be discussed in detail elsewhere [9].

The EDAX measurements showed that the shortest c0occurred for Ba-deficient, but

Y-rich films. The highest values of Tc and jc were observed in off-stoichiometric (Ba-

deficient, Y rich) films (Yl+xBa2-yCu3Oz; x = 0.11-0.18, y = 0.32-0.43). This

observation is in good agreement with a Stanford group report [15], where the Ba/Y ratio

for the highest Tc was observed to be about 1.4. This value is almost identical with that

found in our EDAX measurements (Ba/Y = 1.61/1.15 = 1.4). The Stanford group [15]
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5 106 o-s_i_ 1
o --_, El - series 2
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Fig.9. CriticalcurrentdensityJcintheYBCOfilmsgrownata constantoxygenpressure(opensquares)
andconstanttemperature(blackcircles)asa functionofthelatticeparameterco.

also found that a large number of Y for Ba substitutions resulted in a significant presence

of point defects which act as effective flux pinning centres [16]. Also Y for Ba

substitutions may lead to some shortening of the c-axis length. In our fully oxygenated

films, the c-axis length is 11.66/_, as compared to the ideal value of 11.6802tl, [13].

4. Conclusions

Application of two different deposition protocols enabled us to explore regions in

the phase diagram (oxygen pressure p(O2) vs. growth temperature (Th) of YBCO films
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situated close to its stability line. The films with the best structurewere grown above and to

the right of the stability line, i.e. toward the interior of the stability region for YBCO, and

those films also exhibited the highest critical temperature Tc. In contrast the highest jc (up

to 4.5 x 106 A/cm2) occured in films grown in the vicinity of the stability line, where Tc
was 1-2 K lower than the maximum value observed in this work. These results indicate that

our best epitaxial films approach the structural quality of single crystals where the critical

current density is low because of reduced density of flux pinning sites.

It is thus clear that the best conditions for optimum Tc do not result in samples with

the highest Jc-The fabrication of films with both high Tc andJc therefore requires some sort

of compromise between structural perfection (high To) and the presence of crystallographic

defects (high jc).
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GROWTH AND ANALYSIS OF HIGHLY ORIENTED (lln) BCSCO FILMS FOR
DEVICE RESEARCH

K. K. Raina and R. K. Pandey, Center for Electronic Materials, Electrical Engineering
Department, Texas A&M University, College Station, TX 77843-3128, U.S.A

ABSTRACT

Films of BCSCO superconductor of the type Bi2CaSr2Cu2Oxhave been grown by liquid
phase epitaxy method (LPE), using a partially closed growth chamber. The films were
grown on (001) and (110) NdGaO3 substrates by slow cooling process in an optimized
temperature range below the peritectic melting point (880 °C) of BizCaSr2Cu2Os.
Optimization of parameters, such as seed rotation, soak of initial growth temperature and
growth period results in the formation of 2122 phase BCSCO films. The films grown at
rotation rates of less than 30 and more than 70 rpm are observed to be associated with the
second phase of Sr-Ca-Cu-O system. Higher growth temperatures (>860 °C) also
encourage to the formation of this phase. XRD measurements show that the films grown
on (110) NdGaO3 have a preferred (1 ln)-orientation. It is pertinent to mention here that in
our earlier results [1] published elsewhere we obtained c-axis oriented Bi2CaSr2Cu208
phase films on (001) NdGaO3 substrate. Critical current density is found to be higher for
the films grown on (110) than (001) NdGaO3 substrate orientation. The best values of
zero resistance (Too) and critical current density obtained are 87 K and 105 A/cm 2,
respectively.
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INTRODUCTION

Various growth techniques have been reported for Bi-Ca-Sr-Cu-O
superconducting films. Most of these investigations deal with the growth of high quality c-
axis oriented epitaxially grown films [1-5]. The intrinsic anisotropic properties of Bi-Ca-
Sr-Cu-O superconducting system (i.e. the coherence length of about 2 °A along the c-axis
and 24 °A in the a-b plane) leads to the growth kinetics resulting in the formation of (00n)-
orientated films. However, a film with (00n)-orientation is unsuitable for the fabrication of
Josephson tunneling junctions. It is because of the fact that coherence length along c-axis
is too short to obtain a Josephson effect. For this reason it is important to grow (1 In)-
oriented high-To superconducting films. Furthermore, the epitaxial nature of these LPE
grown films make them attractive for many other devices including IR photodetectors,
microwave resonators and integrated structured devices.

Recently, (1 ln)-oriented superconducting BCSCO films have been grown by the
MBE [6] and MOVCD [7-8] techniques. MgO [7] and SrTiO3 [6,8] have been used to
grow such films. However, there has been no attempt made to grow (lln)-oriented
BCSCO films by the LPE method. Also there has been no report so far on the (1 In)-
oriented film of BCSCO using NdGaO3 substrate although it has been used to grow (1 In)-
oriented YBCO (123) epitaxial films [9].

In this paper we report the growth of(1 ln)-oriented Bi2CaSr2CuEOsfilms on (110)
NdGaO3 substrate. Optimization of various growth conditions which lead to the formation
of 2122 phase are described and discussed. Formation of the second phase observed
during the process of optimization is also described.

EXPERIMENTAL

The experimental arrangement of the LPE apparatus consists of a resistively heated
furnace having facility for translation and rotation of seed. A partially closed growth
chamber in the form of a platinum crucible embedded in an alumina blanket and further
placed in an alumina crucible is used for the growth of BCSCO films. The alumina crucible
is covered at the top by an alumina plate with a central hole of about 1 cm. for passing
through the seed rod. The details about charge preparation of BCSCO and the method of
film preparation are same as reported by us [1].

Transport resistivity and critical current density measurements were made by
standard four-probe method using gold electrodes. Electrodes were made by sputtering
gold and silver epoxy was used to embed the silver wires on the samples. A 10 !aV/mm
electric field criterion was used to measure the critical current density.

RESULTS AND DISCUSSION

Table 1 illustrates the optimization of the growth conditions for single 2122 phase
of BCSCO films. It is well known that on melting (885 °C) BizCaSrzCuEOs splits into sub-
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Table 1. Growth parameters leadin8 to single and mixed phase formation of 2122 BCSCO films.

Growth 1st soak 2nd soak Seed Growth Charge Remarks
parameters rotation temp preparation

rpm °C of BCSCO
Time Temp Time Temp
hrs °C hrs °C

Optimized
w,

growth DF(5)
parameters 12 925 4-5 855- 50-70 855-835 900 °C for **
for 2122 860 1 hr CF(15)

phase
formation

*DF(5) = Discontinuousfilmforthegrowth timeof5hours
**CF(15)= Continuousfilmforthegrowthtimeof 15hours

phases. Therefore, in order to form a singlephase 2122-BCSCO and to avoid intergrowth
of sub-phases various growth parameters as described in table 1 have to be optimized. It is
observed that seed rotation of more than 70 and less than 30 rpm encourage the formation
of secondary phases in the film. Similarly,the second soak of about 4-5 hours is necessary
to allow maximum reformation of 2122 phase in the molten solution. It is important that
the second soak be carried out below the peritectic melting point of BizCaSrzCuzO8phase.
Charge preparation of BCSCO also plays a crucial role in the formation of 2122 phase
films.Fig.1 shows resistivity versus temperature relationshipof filmsgrown from different
charge preparations. Judging by the T¢oat 85 K, it is observed that the charge preparation
at 900 °C for one hour is conducive for the growth of 2122 films.The best supersaturation
conditions leading to the formation of 2122 phase and elimination of second phase are
found in the temperature range of 855-835 °C. This fact is demonstrated in graph of
resistivity versus temperature shown in Fig.2. The T¢o for the film grown under
supersaturated conditions is 87 K; whereas for the one grown in undersaturated conditions
it is about 70 K. The same inference is derived from the Fig.3 (J¢ versus temperature)
where Jcis observed to be almost 3 times higher for the film grown under supersaturated
conditions than the filmgrown in undersaturated conditions.
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Teml_rlture (K) Teml_rature (K)

Fig.l. Resistivity versus temperature of BCSCO Fig.2. Resistivity versus temperature of BCSCO
fihaasunder different charge preparation conditions, films growa_between a) 855-835 °C and b) 845-825

°C tbr 15 hours growth period.
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Fig,3. Jc versus temperature relationship of 2122 film Fig.4. XRD pattern of the needle crystals belonging to
grown between a) 855-835 °C and b) 845-825 °C for the family of(CavySry)l.xCuO2.z system.
15 hours growth period.

As mentioned above the second phase of BCSCO is formed under certain growth
conditions. Fig.4 shows an XRD graph of such a phase. This phase is observed to be
associated with (Cal.ySry)l.xCuO2.z [10] family of infinite layer superconductors which
exhibit superconductivity only under high pressure and for a specific composition. The
EDAX analysis of this phase confirms the presence of Ca, Sr, Cu and O elements. This
phase grows on the NdGaO3 substrate as well as along the walls of the platinum crucible
with different morphologies. Fig.5 shows a scanning electron micrograph of this phase
grown in the form of needle crystals. The resistivity of one of these needles shows a I

semiconducting behavior which is in agreement with the reported literature[11]. The
resistivity of these needles below 50 K almost becomes insulating in nature. These needles
have a thickness between 10-50 micron and get cleaved easily. Fig.6 illustrates the same
phase grown on (110) NdGaO3 substrate. Here the morphology is in the form of clusters.
The difference in the morphology can be understood by the fact that the nucleation takes
place at two different surfaces i.e. platinum wall for needle shape crystals and a smooth
surface of substrate for cluster type formation.

Fig.5. SEM showing the needle morphology of the Fig.6. SEM showing cluster type morphology of the
crystals of (CavySry)_.×CuO2.zsystem. Bi-Ca-Sr-Cu-O sub-phase grown on (110) NdGaO3.
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Fig.7. X-ray powder diffraction graph of 2122 phase BCSCO film grown on (110) NdGaO3 substrate.
The symbol # stands tbr unidentified_

Fig.7 shows an XRD pattern of a BCSCO film grown on (110) NdGaO3 substrate.
The figure shows the strong presence of (116) and (119) plane orientations. Assuming the
well established values of lattice constants i.e. a--5.40, b=5.42 and c=30.81, the theoretical
value of (119) orientation comes out to be 2.551 ('d' value) which is very close to the
experimental value of 2.558. Similarly, the theoretical and experimental values for (116)
orientation are 3.067 and 3.065, respectively. There is the possibilitythat (116) plane may
be mistaken due to its proximity to (0010) orientation. But analyzing on the basis of
authentic lattice constants reported in .the literature, the closest possible match in terms of
'd' spacing is in favor of (116) orientation only. Moreover, by comparing with our earlier
results [1] of c-axis oriented LPE filmsof BCSCO, it is clear that the major peaks in the
Fig.7 can be attributed to (116) and (119) orientations. So far, (110) [7], (117), (118) and
(119) [6,8,12] orientations have been reported in the literature for 2122 phase of BCSCO
superconducting filmsusing MgO and SrTiO3, respectively.As indicated in Fig.7 there are
two major peaks due to NdGaO3 substrate. Two smaller peaks of (002) and (004) are also
present. While the (lln)-orientations are influenced by epitaxy of (110) NdGaO3
substrate, the (00n) planes result due to the anisotropic growth kinetics of the Bi-oxide
superconducting system. Fig8 is a backscattered SEM of (lln)-oriented grown 2122
phase film of BCSCO. The texture of the film is observed to be smooth. The particles in
the figure are those of KCI flux. Fig.9 shows the relationship between critical current
density (Jc) and temperature for the films grown on (001) and (110) orientations of the
NdGaO3 substrates. The value of Jo at 20 K for the film grown on (110) substrate
orientation is about 1.5times of the film grown on (001) substrate. The higher value of Jc
for the film having (1In) preferred orientation may be because of the depairing mechanism
(ofJo) where shorter coherence length of the c-axis contributes to higher critical current
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Fig.8. Backscattered SEM picture of a smooth 2122 Fig.9. Jc versus temperature relationship of 2122
phase film gown on (110)NdGaO3 substrate, films grown on a) (110) and b) (001) NdGaO3

substrate in the temperature range of 855-835 °C.

density. The critical current density reported here should be around 105 A/cm2 at 4.2 K,
although we were unable to measure it due to temperature limitation in our cryogenic
system. This value is less than the values that have been reported for laser ablated,
MOCVD and MBE grown epitaxial films of BCSCO. This may be because of the
limitations of the LPE grown filmswhere at higher temperatures, a slight misorientation of
the seed and lattice and thermal expansion coefficient mismatch (between substrate and
the grown material) can result in the introduction of dislocations. These dislocations (low
angle grain boundaries) can become the source of weak-links which are known to reduce
the current density of the superconducting materials. The other limitationassociated in our
films is the presence of microcracks which might be formed due to fast cooling of the
NdGaO3substrate. The fast cooling of the substrate is, however, necessary to prevent the
diffusion of Ga from NdGaO3 substrate into the film.

CONCLUSIONS
In conclusion, a preferential orientation of (lln) of the Bi2CaSr2CuzOs-phase

deposited on (110) NdGaO3 , has been obtained by the LPE method. Besides (lln)
orientation, smaller peaks in XRD pattern (Fig.7) attributed to (00n) planes are also
observed. Presence of these (00n) orientations is due to the high anisotropic properties of
BCSCO superconducting system. Under certain growth conditions a phase belonging to
the family of (Cal.ySry)l.xCuO2-z infinite layered superconductor is observed. Critical
current is observed to be higher for the filmsgrown on (110) than on (001) orientation of
NdGaO3substrate. The highest critical current density and the zero resistance temperature
(Too)obtained are 105A/cm2 and 87 K, respectively. The films can be grown on both
vertical as well as horizontally mounted substrates.
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ABSTRACT. The effect of thickness and growth conditions on the

structure and microwave properties has been investigated for the

123/sapphire films. It his been shown that in the conditions of

epitaxial growth the A1 atoms do not diffuse from substrate into the

film and the films with thickness up to 100nm exhibit the excellent DC

properties. The increase of thickness of CgiBaCuO films causes the

formation of extended line-mesh defects and the increase of the

surface resistance (R_). The low value of surface resistance

Rs(75GHz,77K)=20mOhm has been obtained for the two layer
YBaCAK)/CdBaCuO/sapphire films.

I.Introduction
High temperature superconducting (HTSC) thin films are currently of

interest for microwave applications [i]. The HTSC films for microwave
devices would have to be uniform over several inches, smooth, with
high density of critical current and low value of microwave losses.

Moreover, the film substrates should have a small dielectric constant

and low-loss tangent.

In our previous works (see, f.e., [2,3]) we have reported on the

epitaxial films of 123 system on sapphire substrates without buffer
"? O

layer with jc(78K)_10;A/sm=, and also the films on AI203 substrates
with i00 mm diameter, which have been fabricated by the laser

deposition technique. However, such high transport properties have

been obtained for the films of thickness less i00 nm, i.e. less the

penetration depth _ [4]. Smallest values of the surface resistance of
HTSC films have been obtained for such thicknesses D which are

comparable with _, D _ 300nm.
In this report the effect of the thickness and growth conditions

of the films on the crystalline structure, transport and microwave

properties has been investigate_. Two step deposition allowed us to

obtain the relatively low surface resistance of the films,

Rs(78K,75GHz) _ 20 mOhm.
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2. Experimental
As it has been described in details in our previous reports [3,5],

for the films deposition it have been used the irradiation of a pulse

laser (1.06_m) with energy density 8 J/sm2 and the stoichiometric
targets of YBa(AK)and GdBaCxM3systems. The pressure of ambient oxygen
at the deposition was about 0.5 Torr. As the substrates it has been

used the sapphire (1012).

In order to better verify the quality of the films the following
experimental techniques and equipment were used. The oriental

properties [6], crystalline structure and morphology of films were

tested by X-ray, Raman spectroscopy and SEM.

The chemical and phase composition of films were tested by
differential dissolution (DD) method.This is a new method for

characterization of multiphase inorganic materials (chemical method of

phase analysis) [7,8]. This method can be shortly described as

following.

The film sample under study is placed in reactor, with the
time-variated concentration solvent flowing over the film. The

solution obtained goes to the detector-analyzer (ICP). Time-variated

masses of dissolved elements (except the oxygen) are determined. The

regime of dissolution is fixed up such a way that the phases

consisting the sample are dissolved differentially (one after another)

due to irregularity of their chemical potentials of dissolution. The
information obtained is used for stoichiograms construction (set of

time- variated molar relations of elements) to interpret the

composition and the relative amount of each phase. In this work DD
method was used, in particular, to study the interaction character

between materials of film and substrata [8].

The transport and superconducting properties of films were
investigated by the standard four probe technique and the measurement

of DC current-voltage characteristics. For these measurements the film

microbridges and meander structures have been patterned by lithography
or scribing with acute diamond tool. The AE or Au contacts to the film

samples have been fabricated by the laser deposition technique. The DC

critical current of samples was determined by criteria I_V.
The surface resistance Rs of HTSC films has been measured by the

technique [9] of replacing one end wall of a copper cylindrical cavity

_6.7mm,2.75mm which resonates at frequency of 75.2 GHz in H01 1
circular mode.
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3. Resultsanddiscussion
In our previousreport [2,3] it has been shown that the growth

conditionsand, correspondently,the qualityof laser deposed films
dependon a number of technologicalparameterssuch as the substrate
temperature,characteristicsof the laser beam, target-substrate
distance,oxygenpressureand the crystalline structure and surface
orientationof the substratematerials,too.

Optimalvaluesof the parametersare connectedin a such a way
that the exchangeof one of them can be compensatedby correction of

other ones. So the exchangeof film propertiescan be obtainedby the
variationof any of theseparameters.

In this work we used the variationof substratetemperature (Ts )
to changethe film quality and to highlight the correlation of
structure,chemical composition and superconductingproperties of
films.

The kineticdependencesof the dissolutionby DD method for two

YBaCuO films fabricatedat the differentTs are shownon Fig.l.As an
example,considerthe processof dissolutionfor the sample deposited

at Ts=800°C (Fig.lb).It is seen %he impurityphaseslocalizednear to
the surfacelayersof the filmare dissolvedat first. It is also seen
that the large contentof aluminumatoms is registered that is the
consequenceof aluminumdiffusionfrom substrate_The following peak
on the plot characterizes the dissolutionof 123 phase and the
impurityphases dispersedin one. And, it is the last, the dissolution
of impurityphases localizedin the film-suhstrateregionis observed.

The picture of the dissolution of film sample deposited at

Ts=780eC (Fig.la) is distinguished by the absence of aluminum in the
surface layer and the smaller concentration of localized and

dispersedimpurityphases.
The kineticdependencesof dissolu±ionof film samples deposited

at otherTs valuesare likethat on Fig.lb.
The orientation characteristics, phase composition and

superconductingpropertiesof the filmsof 80 nm thickness deposited

at differentTs are shown in the Table 1. It is seen that the sample
depositedat Ts=780°C has the best orientalproperties,highest value
of criticalcurrentdensityand containsthe smallest amount of the
impurityphases.In addition,as it has been shown above the not
aluminumatoms are registeredin the surfacefilm layer.

The next conclusionmay be drawn from these results.In the case
of optimal growth conditions the epitaxial layers with perfect
structureare formedat the initialstage of the film growth. These
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increased above I00 run,the structural defects are accumulated in the

film in such a way that the influence of substrate orientation is lost

and the external layers of thick films have the polycrystalline
structure.

One of the reasons of such behavior can be the variation of growth

conditions for top film layers at the increasir_ film thickness.
Actually, if the first film layers are deposited on sapphire surface

that is the heteroepita_? occur but the following layers grow as

homoepitaxial. So, the optimal deposition conditions must be differed

for initial and following film layers.

The investigation of the thickness dependence on surface

resistance in this work has been made for the GdBaCuO films. Using the

GdBaCuO system allowed us to obtain the thick epitaxial film. The

orientation characteristics of top and near substrate-film interface

layers of GdBaChOandYBaCuOthick films to be compared are shown in

the Table 2. This result was obtained by Rammn spectroscopy technique
described f.e. in Ref.[2].

Table2.Theorientation properties of the surface ( top ) layers and
the film layers near the substrata-film interface ( bottom layer ) of
YBaCk_ and CxdBa(k_films with thickness of 30Onm. Results of Raman

spectroscopy investigations.

Material of film Top layer Bottom layer

YBaOK) pollycrystalline epitaxial

GdBaOJO epitaxial epitaxial

The _ films with thickness up to 100 nm exhibited the
exellent IX] properties. In perticular, the values of critical" current

density ( jo(77K)~106-107 A/cm 2) and the transition temperature
(Tc=90-91K) were reproduced for the microbridges with the the width

1-10 _m and the length up to 10 cm indicating the high quality of
films. But the measurement values of surface resistance were

approximately 70 mOhm.

However,at the increasingfilm thicknessthe superconducting
properties are changed thoughthe orientation properties were high.
For thefilmswiththickness about 200 rn the effective_value of the

critical current density dropped about two times but the surface
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resistance value was smaller then for the 80 nm thickness films (see

Table 3). At the further increasing film thickness to 300 nm the

abrupt drop of the critical current density and the increasing of the
surface resistance had been observed.

The reason of such degradation of superconducting and microwave

properties was the formation of the extended defects in the films.
This were the low visible in optical microscope thin lines forming the

regularly shaped mesh. The preferred directions of lines correlated

with the orientation of a,b-axes of film. The average size of the

regions between the mesh lines was up to 10-40 _m. It should be noted
that the line defects observed in optical microscope are not

registered by SEM.
To visualize the film structure with line defects the films were

heated by pulse laser irradiation with the energy density 0.5 3/cma.
The photography of the surface of thick epitaxial film after

irradiation treatment is shown on Fig. 3a. It is seen that the film

cracking along the directions of line defects occurs. Unexpectedly,

such films after irradiation treatment conserve the superconducting

properties but the value of critical current density drops from 104 to

102A/cm2 . It should be noted that at the analogously treatment the

cracking thick YBaCuO films take place, too. But the directions of the

cracks have the casual character (see the Fig.3b).

The formation of line defects have been registered after the

standard post deposition cooling in the oxygen with the pressure of 1

arm at a cool rate of I0 °C/min. This procedure is used in order to
optimize the oxygen content in the film. At the decreasing of cool

rate up to 0.5°C/min the formation of defects take place, too. This

effect disappeared only in the case when the film samples were cooled

at the low oxygen pressure of about 1 Torr. The defects appeared, too

at the repeat heating and cooling of the samples at the oxygen

pressure of 1 arm.
From this result it may be concluded the effect of line defect

formation is bound up with film deformations at the ortho-tetra phase

transition which occurs for the oxide superconductors of 123 systems.
In our work [2,3] it has been found that the structural mismatching of

sapphire and oxide superconductors cause the deformation of film and.

correspondingly, changing their structural and superconducting

properties. It maybe assumed that the increasing film thickness

increases the magnitude of deformations at the phase transition and,

as result the formation of defects takes place. In the case of YBaCuO

films with the polycrystall top layer the visible defects are no
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formed, because the small size of grains and the large quantity of

intergrain boundaries reduce the effect of deformations.

To depress this effect in the thick epitaxial films we used the

two layers deposition. The fi'rst layer of 60 nm thickness was

deposited from GdBaCuO target, and then the following thick layer was

deposited from YBaCuO target. Bothlayers were deposited at substrate
temperature of 780°C.

The concept of such two layer deposition consisted of using the

difference of the growth rate of yttrium and gadolinium based oxide

superconductors. The anisotropy of the growth rates along c-axis and
in a,b-plane is smaller for yttrium system then for gadolinium one.

So, the size of the monocrystalline regions in the yttrium based films

is assumed be smaller then for the gadolinium based films.

Actually, using the two layer deposition allows us to fabricate

the films without visible defects and with relatively low surface
resistance. It seems likely that at two layer deposition the amount

of boundaries between monocrystalline regions are increased in the

yttrium based film layer and these defects accumulate the film
deformations. But these changes of the film structure should be

lowered the effective value of critical current dens'ity, that is

observed in experiments.

Table3.Thepro rtiesofGd CuOfilmsversusthefilmthickness

Film thickness, Critical current Surface resistance
density (77K), (75.2 GHz, 77K),

run A/cm 2 mOhm

80 8*106 70

200 3$106 60

300-400 104_10 5 _S00
(with defects)

300 6e10 6 20
(two layer
deposition)

In Table 3 the transport and microwave characteristics of HTSC
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films with different thickness, including two layer samples are shown.

It is seen the best result has been obtained for the two layer

deposited film.
However, it is not correctly to conclude from here that the two

layer deposition is the only way to obtain the good microwave
properties for the films on sapphire substrates. We guess that by

optimization of growth conditions the films with low surface

resistance can be fabricated using the only one target. The our

further investigations will be continued in this direction.

4. Conclusions
We have shown that in the 123/sapphire films of thickness more

than I00 nm it can occur the formationsof extendedline defects with

regularstructureat ortho-tetraphase transition.The films without
such defectsand with the low value of the surface resistance have

been obtainedby using the techniqueof two layerdeposition.
This work was supportedin part by Conmaitteeof HTSC problems

(grant91091)and in part by InternationalScienceFoundation.

5. References
1. Proc. 3rd. Int.conf, :World Congress on Superconductivity, Munich,

Germany,Sept.15-18,1992,Appl.SuperconductivityI (1993).
2. M.R.Predtechens)_y,Prec. NATO ASI: Multicomponent and

MultilayeredThin film for AdvancedMicroelectronics:Techniques,
Fundamentalsand Devices,Bad Windsheim,Germany, Sept.21-Oct.2,
1992,SeriesE: Appl.Sciences,234 (1993)357.

3. M.R.Predtechensky,A.N.SmaI',Yu.D.Varlamov,V.Yu.Davidov,Super-
conductivity:Phys.Chem.Techn.5 (1992)2126.

4. B.W.Langley,S.M.Anlage,R.F.W.Pease,M.R.Beasley,Rev.Sci.lnstrum.
62 (1991)1801.

5. Yu.D.Varlamov, V.F.Vratskikh, M.R.Predtechensky et al, Pis'ma v J_

2 (1988)2068.
6. Yu.D.Varlamov,V.F.Vratskikh,M.R.Predtechensk3r et al,Superconduc-

tivity:Phys.Chem.Techn.3 (1990)2328.
7. I.G.Vasil'eva,A.A.Vlasov,Ya.I.Gibner,V.V.Malahov,DAN RAN, 324

(1992) 596.

8. M.R.Predtechensky,A.N.SmaI' ,I.G.Vasil'eva, Z.L.Akkerman,
A.A.Vlasov,V.V.Malahov,Superconductivity:Phys.Chem.Techn.(to be
published).

9. H.S.Newman,A:K.Singh,K.Sadanadaand M.A.Imam, Appl.lmnys.iett.,
54 (1989) s89

446



Scanning micro-Hall probe mapping of magnetic flux distributions
and current densities in YBa2Cu307 thin films

W. Xing,a) B. Heinrich,a)Hu Zhou,b)A.A. Fife,b)A.R. Cragg,b)andP.D. Grantc)

a) Department of Physics, Simon Fraser University, Burnaby, B.C. Canada V5A 1S6
b) CTF Systems Inc., 15-1750 McLean Avenue, Port Coquitlam, B.C. Canada V3C 1M9
c) National Research Council of Canada, Ottawa, Canada KIA 0R6

Mapping of the magnetic flux density Bz (perpendicular to the film plane) for a
YBa2Cu307 thin-film sample was carded out using a scanning micro-Hall probe. The sheet
magnetization and sheet current densities were calculated from the Bz distributions. From
the known sheet magnetization, the tangential (Bx,y) and normal components of the flux
density B were calculated in the vicinity of the film. It was found that the sheet current den-
sity was mostly determined by 2Bx,y/d,where d is the film thickness. The evolution of flux
penetration as a function of applied field will be shown.

PACS numbers: 74.60.Jg, 74.75.+t

I. Introduction sheet magnetization M(i,j) and the field
point (m,n,z). N1 and N2 are the total num-

Stationary and scanning Hall probes ber of scanning steps in the x and y direc-
have been used for evaluation of high tem- tions, respectively. The integral in (2) is
perature superconducting (HTS) thin over the area of the grid cell (i,j). Equation
films.1-4 The magnetic flux density Bz nor- (2) can be written in matrixnotation4
mal to the film surface is usually measured.
Algorithms were developed 4-7 to calculate Bz = G.M. (3)
the sheet current density J from the mea-

sured field above the sample (inverse prob- where G is a matrix of order of N12× N22
lem). In our previous paper,4 the inverse and M and Bz are column vectors of dimen-
problem was converted to a magnetostatic
calculation using sions N1 × N2. Equation (3) states that the

sheet magnetization is uniquely determined
by the measured Bz(x,y). The sheet magne-

J = V x M = (Jx'JY) toallows calculate thetization M(i,j) one

(tgM _____M] (1) flux density B anywhere around the film in-
- , m . eluding the tangential components Bx,y of B,

which are not obtainable directly from our
scanning Hall Probe measurements. That

where the sheet magnetization M is normal way one can obtain a full picture of the flux
to the film plane (parallel to z-axis), penetration. This is a forward problem which

The flux density Bz at the point (m,n,z) does not require the time consuming solu-
is given by8 tions of inverse matrixes.

The contributions to J from the gradient
Jvl.N2/-t0 3z2 _ of B and from the curvature of B were com-

Bz = Y_ -:--M(i,j) S r5 r2dx' dy pared. The purpose of this paper is to illus-
i,j--14rt Si.j (2) trate graphically the evolution of flux pene-
Nijv2 tration into a zero-field-cooled YBa2Cu307

= Y.M(i,j)G(m,n,i,j,z) (YBCO) thin-film sample.
i,j=l

where r is the distance between the local
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Ideal film: saturation remanent state

YBCO film (Y259): saturation remanent state

Fig. 1. (a)and (b)Bz,(c) and(d) M, and(e) and (f)Bxdistributionsin the remanentstate foran ideal film
with uniformcurrentdistributionsandfor a YBCOthinfilm (sampleY259),respectively.
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H. Experimental 150

The micro-Hall probe was patterned (a) saturation
from a GaAs quantum-well heterostructure 100 --ideal film/_ remanenee
thin film (University of Bath). Its active _" . Y259_ **_

area is 25 x 25 gm. The scanning micro- _ 50

Hall probe system is a customized commer- = ooy_ o._

cial device developed by Quantum _ 0 .................
Technology Corp.9 in collaborationwith the
participantsfrom Simon FraserUniversity.
Epitaxial quality YBCO thin-film samples 50 ............... oo
were prepared on LaA103 substrates by (b)
pulsed excimer laser ablation from a stoi- 25

_oO_OO_
... --ideal film _

chiometric target of YBCO. We present the t- o Y259
data for one of the YBCO films (Y259) in ._

I
this paper. Sample Y259 had a critical tem- = 0 ........................
perature of 90 K, and lateral dimensions = Z _/ sat. rem. state

X 1.08 cm, and thickness d = 300 nm. _ -25 o°/1
1.08

The Hall probe was maintained at a constant
height of z = 250 gm above the film surface -so o_'°"; , . , , , . ,
while taking the lateral scans. The lateral -4 -2 0 2 4
scanning step was 0.3 mm. The experimen- x (mm)
tal details can be found in Ref. 4.

Fig. 2. (a) Bz(x) and (b) Bx(x)for y = 0 in
HI. Results and discussion the saturation remanent state; the open cir-

cles are Bx_ values for the YBCO film and
Fig. 1 compares the theoretical calcula- the solid lines for the ideal film.

tions for an ideal film (uniformly distributed
currents flowing in concentric square paths) lines is inversely proportional to the value of
with the measurement results for the YBCO the sheet current density [Eq. (1)].
(Y259) thin film. Figs. 1(a) and 1(b) show Bx and By at point (m,n,z) are given by
the Bz distributions for the ideal film and for

NI,N2 _l 0

the YBCO film, respectively. An external Bx,y = Y. -._-_M(i,j)field Ha (_lI-Ia = 30 mT) perpendicular to the i,j=l

film plane was applied to the YBCO film _ 3x(°rY)zdx' d2i. (4)
(zero-field-cooled), and then Ha was Si,y r5switched off. The mapping of Bz was car-
ded out with the film in a remanent state.
The applied flux Ba penetrated fully into the Figs. 1(e) and 1(f) show that Bx(x,y) is dis-
film. The ideal film was chosen to have the tributed over two opposing triangles. The
same size as that of sample Y259. The sheet sample symmetry requires that the compo-

nent By is distributed in two other triangles.
current for the ideal sample, j (= J/d) = 2.5 x In each triangular region, there are either
106 A/cm2, was chosen to bring the overall Bx7 or By,z components of B. Bx and By
dependence of Bz close to that of the YBCO vanish along the film diagonals.
sample. The distribution of M(x,y) was ob- The distributions of Bx, Bz, and M for
tained by solving the matrix equations (2).4 the YBCO film are very similar to those of
The results are shown in Figs. l(c) and l(d). the ideal film. However there are noticeable
Fig. l(d) demonstrates that the YBCO sam- deviations of the flux distribution from the
pie was in the saturated state. The contour four-fold symmetry pattern which are caused
lines of M(x,y) represent the current stream by defects in the YBCO sample, see Figs. 1
lines, and the separation between stream and 2.
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25O Z

" + ideal film o grid size t ._Y
200 ! "... [] 0.3 mm _X

,-- _. Integral loop
"'_I x

150 .. Bz + 0.15 mm _ ,.

"-m...m --- 20Vm , t"42
100

-V-o_-_--,- -- -,--.- _-_,.., Thinfilm : Jy :
o 1.......................... ._

o

o lOO 2oo 300 4oo 5oo 6oo Fig.4.Schematicdiagramoftheintegral
z(_tm ) pathfortheapplicationofAmpere'slaw.

Fig.3.CalculatedBx,zvaluesversusz for
theidealfilmfordifferentgridsizeofthe film,seeFig.4.Sincediscomparableto2_.,
sheetmagnetizationM(x,y). whereX istheLondonpenetrationdepth,jis

considereduniformoverthefilmthickness.
ThecalculationsinFig.3 wereusedto (Otherwise,jistheaveragevalueoverthe

demonstratethedependenceofBx andBzon filmthickness.)Thefirsttermin(6)isdue
thegridsize,w,ofthesheetmagnetization
M(x,y).Bzwascalculatedatthefilmcenter,tothecurvatureofB,(BV x 13,whereI_is
Bx was calculatedatmidwaybetweenthe theunitvectoralongB = Bfl)andthesec-
centerandtheedgeofthefilm.Thecalcu-ondtermisduetothegradientofB,(VB x
latedvaluesofBx arecorrectifthedistance
abovethesamplesurfacez _ w. Bx de- fl).10SinceBxandBzarecomparableandt

canbeclosetod,thefluxgradienttermis
creasesforz< w andreacheszerowhenz_ muchsmaller(byapproximatelythreeorders
0. Thisisanartifactofthefinitegridsize.ofmagnitude)thanthefluxcurvatureterm.
InanidealsampleBx shouldreachacon- Inotherwords,jismostlydeterminedbythe
stantvaluebyapproachingthefilmsurfacecurvatureterm,
(Ampere'slaw).ThedecreaseinBxforz<
w isdue tothechangeofthesignofBx

across the mid-plane of the film. The calcu- ABx'y - 2Bx'y - ]aO]Jy,x1. (7)lated values of Bz support that view. Bz is d d
continuous across the film thickness and the
calculated Bz show no noticeable depen- This observation is in agreement with the
dence on w. theoretical analysis of Clem. 10 From Eq. (7)

The application of Ampere's Law and from the local sheet current jc = 3 x 106
A/cm2 corresponding to x = -5 mm in Fig. 2,

_B. dl= bt0l (5) it can be shown that the calculated value of

Bx (for z=250 l.tm)is 13% smaller than that
to a path in x-z plane shown in Fig. 4 leads obtained from Eq. (7). In fact, the profile of
to the Bx(x) curve in Fig. 2(b) is very similar to

that of jy(x) for the YBCO film.4 This
- shows clearly that the local current density

ABxd_ ABz£dt POJy, (6) in superconducting thin films determines the
parallel components of B in the vicinity of

where £ and t are the integral paths along the the film. Fig 2(b) shows that Bx does not
x and z directions and ABz is the difference reach the saturated value as in the case of an
in the Bz components which are separated ideal sample. The observed slope of Bx in
laterally by L ABxis the difference between Fig. 2(b) is a consequence of the dependence
the Bx components above and below the ofjc on the local Bz, see Ref. 4.
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Fig. 5. MeasuredBz of the YBCO film for ttoHa = (a) 2 mT, (b)4 mT, (c) 6 mT, (d) 8 mT, and(e) 0 mT.
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(a) l.[oI-Ia= 2 mT (b) l.toI-Ia = 4 mT (c) I.toKa = 6 mT
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(a) I.toI-Ia= 2 mT (b) laot-Ia= 4 mT (c) _ = 6 mT
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=6mT.
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applied fields (e.g. laOI-Ia= 2 mT), the in-
40 (a) i- -........ I.toHa=2mT duced supercurrents effectively shield the

4 mT interior of the film from the external flux Ba.
--- 20 6 mT
t- 8 mT However, the tangential components Bx,yare
•, present over the entire film surface. The ex-
' 0 clusion of Bz requires screening currentso
"-" across the whole film surface,4 and the pres-

-20 ence of Bx,yin vortex-free region is a conse-
quence of Ampere's law. However note that

-40 the values of Bx,y in the vortex-free region60
are smaller than those in the vortex-pene-(b)

40 remanentstate trated regions [corresponding to the plateaus
Y259 in Bx(x,y) in Fig. (7)] where the supercurrent

_" 20 T = 77K reached its critical value, see Fig. 8.
•, Fig. 9(c) shows a noticeable bending of
' 0 the flux lines over the film surface. The

"_ -20 Lorentz force density F = j x B has two
components. The tangential component (due

-40 to Bz) points inwards and is responsible for
-60 moving the flux lines; this force density is

-4 -2 0 2 4 balanced by the pinning force density. The
x (mm ) perpendicular component (due to Bx,y)

Fig. 8. Bx versus x for the YBCO film (a) in points downwards at the top and upwards at
different applied fields (b) in a remanent the bottom of the film. This part of the
state. Lorentz force density causes the tilting of

vortex lines.
Figs. 5-8 show Bz, M, and Bx diswibu- It is interesting to note that the distortion

tions for sequentially applied external fields, of the applied flux is clearly visible only for
Fig. 9 shows vector field plots of the total z < 5 mm, see Fig. 9(c), which is approxi-
flux density B in the x-z plane at y = 0 for mately equal to the half length of the film
various final states, described in the figure edge.
caption. The evolution of flux penetration As the applied field progressively in-
and the corresponding current distributions creases, the flux penetrates deeper into the
can be best viewed by the combination of film and the region in which flux lines ap-
Figs. 5-9. preciably deviate from the external flux is

Fig. 7(f) shows the non-zero values of By more and more confined to the center of the
over the region where Bx should dominate, film, see Figs. 9(d)-9(f);
This non-symmetrical flux distribution is Fig. 9(g) shows the flux line patterns in
due to the presence of a defect which is the remanent state after the applied field
centered around x=3, y=0, see Fig. 5(c). p43Ha = 8 mT was switched off. The trapped
Fig. 5(c) shows that the sheet current path flux shows four hilltops, see Fig. 5(e). It is
curves around this defect and that causes a worthwhile to point out that at the hilltops
simultaneous presence of the Bx and By (maxima of Bz) both Bx,y and J are zero
components in that region. [Figs. 8, 9(b), and 9(g)]. The induced cur-

Figs. 9(a) and 9(b) show the saturation rents flow in closed loops under each hilltop
remanent flux distributions for the ideal and and enclose the hilltops along the sample
the YBCO films, respectively. The return edges [Fig. 6(e)]. This multiply-connected
flux (pointing in -_ direction) results in the current distribution can be reconstructed us-
demagnetizing field around the film edge. ing a linear superposition principle with ap-
The magnitude of B decreases rapidly away propriate "virgin" states11,4.from the film surface.

Figs. 5-9 show that for relatively low
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Abstract

The angular dependenceof the criticalcurrent densityand the magnetoresistanceof
high-To-filmsin high and low magnetic fields and for different temperatures were
measured to investigate the flux pinning and the superconducting properties.
A comparison of the results for the different superconductorsshows their inrcreasing
dependenceon the angleO betweenthe magneticfieldand the c-axisof the filmdue to
the anisotropyof the chosen superconductor.Furthermorethe influenceof the current
direction to the Q-rotation plane is discussed.

1. INTRODUCTION

Although the high-Te-superconductors (HTSC) are used in many various
applications, the mechanismsof many effects these materials show are not very well
understood until now. To study the flux line lattice by the intrinsic pinning the
magnetoresistanceand the critical current density are measured as a function of the
angle between the magnetic field and the HTSC thin film.Besides other criterions of
characterization the quality of the HTSC films can be determined by measuring the
angular dependenceof the dissipationmechanism.

2. EXPERIMENTAL

The DC-sputtered filmswith a thicknessbetween 70 nm and 250 nm are highly
oriented with the c-axis perpendicularto the surface of the SrTiO3 single crystal
substrate. SEM pictures show that the filmsare without any outgrowths larger 1 lam.
Especiallythe YBa2Cu307. 6 filmswith a Tc up to 90 K and a transition width of 1-2 K
determined by measuringthe AC-susceptibilityreach criticalcurrent densities about
9x106A/cm2 at 77K. The as grown Bi2Sr2CaCu2Os+x filmsshow a Te about 75 K.
The criticalcurrent densitiesyieldvaluesabout 5x10s A/cm2 at 50 K.

The angular dependenceof the criticalcurrent density and the magnetoresistance
were measuredwith a pulsed current method to avoidwarmingup of the bonded gold
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wire contacts on the structured film. Conduction paths of 20 pm width and 2 mm
lengthwere prepared by wet chemicaletching.

The used sampleholder allowsto vary the angle betweenthe magneticfield and the
c-axis of the film(angle O) as well as the angle between the current direction and the
Q-rotation plane. The accuracy of the tilt angle is better than 0.05°. An offset of 1°
can occur due to inaccurate adjustment.The temperature was varied between 4.2 K
and 77 K and magneticfieldsbetween 10mT and 8 T were used.

3. RESULTS AND DISCUSSION

To study the pinning of the HTSC filmsthey were investigatedby measuring the
critical current density and the magnetoresistancedependent on the temperature and
the strength and the angle of the magnetic field. Furthermore current-voltage-curves
were taken. The results for Yna2Cu307_ 6 and Bi2Sr2CaCu2Os+x films are compared
due to the anisotropyof the chosen superconductor.

3.1. Critical Current Density

3.1.1. YBa2Cu307. 6

I I I I I

YBa2 C% O o7 8 ;_" D\

oD

3 Fit: (cos20 +E2sin20) "1/2 /
"_ /o i

: ok_o T=77K /o o,

00 2Tesla -_/o oi2 = 2 /o ok

1lxV/cm (e =0.008) -x:#.., _....
./rll / ',. "1_
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Figure 1. Criticalcurrent densityjc(O) inhigh magneticfields.
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Figure 1 shows some typical results of an investigatedYna2Cu3OT_ film. These
measurements of the angular dependence of the critical current density were made in
high magnetic fieldsand at a temperature of 77 K. As criterionfor the critical current
density a voltage of 1 p.V/cmwas chosen. At ® = 0° the c-axis of the YBa2Cu307_

filmis parallelto the magneticfieldB and at ® = 90° the c-axis is perpendicularto the
magnetic field. Due to the layered structure of this superconductorthe critical current
densityjc(®)reaches its maximumat ® = 90° when the magneticfield is parallelto the
CuO2 planes[1]. This indicatesthe strong pinningat this angle where the flux linesare
located by extrinsic pinningcenters. The minimumofjc(®) appears for the magnetic
fieldbeingparallelto the c-axis of the film(0 = 0°).

The fits of the data were made using the functionjc(®) - (cos2®+ s2sin2®)-1/2.
For this fit the effective magneticfieldis reduced to Beff= B(0°)(cos2®+ _2sin20)l/2
with e beingthe anisotropyparameter [2]. For €2 = 0.008 at two Tesla and e2 = 0.006
at six Tesla this functionfits the data quite well.The smallvaluefor e, which decreases
with increasing the magnetic field, shows the very anisotropic behaviour of the
YBa2Cu307. 6 filmin high magneticfields.

In Figure 2 the correspondingresults ofjc(®) in low magneticfields are presented.
In low magneticfields the samefunctionas used for the high fields fits the results, but
the dependence on the angle ® is less pronounced, which can be observed in the
highervalues of the anisotropyparameterbetween _2= 0.14 and _2= 0.25.

5 B = 75mT
( e2=0.14)

-30 0 30 60 90 120
0 (deg)

Figure 2. Critical current densityjc(®) in low magneticfields.
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Figure 3. Criticalcurrent densityjc(19)for differentanglesO.

In Figure 3 a typical exampleof the differentresults ofjc(19) for the current direc-
tion parallel (O = 0°) or perpendicular(O = 90°) to the 19-rotationplane (cB-planeof
the film) is presented. Although both curves fit the theory quite well with the same
anisotropy parameter, the curves differ from each other, especiallyfor the tilt angle 19
near 90°. For @ = 90° the differencebetween the maximumand the minimumof the
critical current density is only half as big as for @ = 0°. For the angles 19= 90° and
• = 90° the c-axis of the film is perpendicularto the externalmagnetic fieldB and the
current flows perpendicularto B. So this effect may be caused by a strong Lorentz
force acting on a segment of the flux lines parallelto the layers [3]. This would also
explainthat the curves for angles19near 0° or 180° lie one upon another because for
the c-axis parallel to the magnetic field there is no difference in the measuring
geometry wether the angle@is 0° or 90°. This differencebetween @= 0° and • = 90°
disappears for high quality films with high critical current densities, for which the
intrinsicpinningis strong enough to cover the O-dependentpart of the dissipation. So
these measurementscouldbe used as a criterionof filmquality.

3.1.2. Bi2Sr2CaCu208+x

Besides measurementson YBa2Cu319745 thin filmssputtered Bi2Sr2CaCu2Os+x films
were investigated,too.
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Figure 4. Criticalcurrent densityjc(®) in high magneticfields.

In Figure 4 the results of the angulardependenceof the critical current densityjc(®)
for a Bi2Sr2CaCu208+x film in high magnetic fields are presented. The sharpened
maximaof the critical current densitiescomparedto the results for YBa2Cu307& films
seemto be related to the stronger anistropyof the layered structure of these films.For
the nearly two dimensionalbehaviour of this superconductor in high magnetic fields
the function jc(®) - Icos201-1/2is best fitting [3]. But also the function used for the
YBa2Cu307_ 8 results with a very smallanisotropyparameterfits the Bi2Sr2CaCu2Os+x
measurementsquite well.

A typical result for jc(®) in a low magnetic field is shown in Figure 5.
Corresponding to the measurements on the YBa2Cu307_ films the anisotropic
behaviour of the film decreases with decreasing the magnetic field. For an external
magnetic field of 50 mT the functionjc(®) - (cos2®+ s2sin20)-l/2is best fitting. But
whereas the anisotropy parameter6 for the YBa2Cu3074 }filmfor this magneticfield is
around s2 = 0.25, this parameter is for the Bi2Sr2CaCu2Os+x filmwith _2= 0.08 only
about 1/3 of this value due to the stronger anisotropy of the Bi2Sr2CaCu2Os+x
superconductor.
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Figure 5. Criticalcurrent densityjc(®) in a low magneticfield.

3.2. Magnetoresistance

Besides investigations of the angular dependence of the critical current density
jc(®), the magnetoresistanceP(®)was measuredin high and low magneticfields.

3.2.1. High magneticfields

Figure 6 shows a typical result of the angulardependenceof the magnetoresistance
p(O) in high magnetic fieldsat a temperature of 4.2 K for a YBa2Cu307_ film. The
measurementswere made for high current densitiesdue to the superconductor beingin
the mixed state. As expected the magnetoresistancereaches its minimumat ® = 90°,
which means that the c-axis of the film is perpendicularto the magnetic fieldB. The
maximum of p(O) appears at O = 0° where the c-axis is parallel to B. As in the
corresponding measurements of the critical current density the magnetoresistance in
high magneticfields reveals the strong anisotropyof these superconductorsbecause of
the layered structure of these films [4]. The function p(O) - IcosZO] 112 for nearly two
dimensionalbehaviour of the film fits as well as p(O) - (cosZO + e2sinZO)]/2with
e2 < 0.01. So this also supports the assumptionthat for the magnetic field parallel to
the CuO2 planes the pinningis very strong and the flux lines are located by extrinsic
pinningcenters.
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Figure 6. Magnetoresistance 9(0) in a high magnetic field.

For the measurementsof the magnetoresistanceO(O),as presented in Figure 7, the
angle• betweenthe currentdirectionandthe cB-plane(O-rotationplane)of the film
was 90°, whichmeansthat for O = 90° the currentdirectionwas perpendicularto the
magneticfieldB. The amplitudeof the magnetoresistanceis smallerfor • = 90°, but
the minimaare sharpened.These results correspond to the measurementsof the
angulardependenceof the criticalcurrent densityjc(O) as far as for O(O) there is a
O-dependentpart of the dissipationprobablycausedby the Lorentz force acting on
the flux lines, too. The logarithmicalO(O) curves are similar to the invertedje(O)
curves.

At six Tesla there is a local minimumfor O = 0° or 180° independent of the
angle O. This form of the curves appears only in high magnetic fields and not all
measured films show this effect. We attribute these extra pinningof the flux lines to
the pinningat twin boundaries [5,6].

In high magneticfieldsand at • = 90° the functionO(O)- Icos2OI1/2is best fitting
due to the nearlytwo dimensionalbehaviourof the YBa2Cu307d 5film.For the results
obtained in a magnetic field of 0.5 Tesla the function O(O)- (cos20 + sZsinZO)]/2is
used because of the decreasinganisotropywith decreasingthe magneticfield.
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Figure 7. Magnetoresistance p(®) for • = 90°.

3.2.2. Low magneticfields

While for high magnetic fieldsthe value of the externalmagneticfield is the same as
for the internal field, the external field may differ from the field in the sample in very
low magnetic fields. Probably because of this in low magnetic fields phenomena are
seen, which are related to some hystereticaleffects.

In Figure 8 the magnet®resistancep(®) in a magnetic field of 25 mT at a tem-
perature of 4.2 K is presented. Whereas the dashed curve was measured with a
constant magnetic field between the angle O-steps, the solid line shows the p(O)
curve with no magnetic field between the O-steps. If the external magnetic field is
switched off before every O-step, the minimumof the magnet®resistanceappears at
® = 90° as expected. But if it is continously operated during the angle O movement
from 30° to 240°, the minimaof 19(O)are shifted and asymmetrical.The drop of"the
magnet®resistanceis sharpened, whereas the increase of 19(O)is broadened. If the
angle O is tilt in the opposite direction, the shift changes its direction, too [7].

This hysteretical effect is not seen for high quality filmsor at higher temperatures
above the irreversibilityline. It seems to be related with penetrating and trapping of
flux, if the sputtered HTSC film consists of several granular parts. The change of the
effectiveexternal field, which depends on the tilt angle 0, influencesthe internal field
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in the sampledue to a motion of vortices. Therefore the flux seemsto penetrate and to
be trapped for a constantly applied magneticfield [8], which means that the vortices
are pinned due to the macroscopic inhomogeneity of the pinning potentials in the
sample [9]. If the magnetic field is switched off before every Q-step, the flux is
expelled from the sample. For corresponding critical current measurementson these
filmswe got similarresults. The appearanceof this effect could be a further criterion
of the quality for the HTSC films.

10"4 , ,

10 -5 .! I ' ' I _l ' I ' ' I ' ....._-, !.- ' _ I ' I

10-6 J:.-_ B = 25 mT ?_j._-
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Figure 8. Magnetoresistance p(O) in a low magnetic field.

The dependence of the magnetoresistanceon the strength of the external magnetic
field B for low magnetic fieldsat a constant angle O = 0° is shown in Figure 9. The
results reveal a o(B) - B u2 dependence,which indicates a more three dimensional
behaviourof the YBa2Cu30745 filmsfor low magneticfieldsdue to the theory [10,11].
For measurements of the critical current density dependent on the strength of the
magneticfieldB, we got a jc(B) - 1/B dependencefor very low magneticfields,which
also indicates the small anisotropy of these films for low magnetic fields. This is in
agreement with our other results, which show the anisotropic character of the investi-
gated YBa2Cu30745 and Bi2Sr2CaCu2Os+x films increasing with increasing the
magnetic field.
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Correlations Between Critical Current Density, jc, Critical
Temperature, Tc, and Structural Quality of YIB2Cu307-x Thin
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ABSTRACT

Correlations between critical current density (Je)critical temperature (Tc) and the density of
edge dislocations and nonuniform strain have been observed in YBCO thin films deposited
by pulsed laser ablation on (001) LaA103 single crystals. Distinct maxima in jc as a
function of the linewidths of the (00g) Bragg reflections and as a function of the mosaic
spread have been found in the epitaxial films. These maxima in Jc indicate that the magnetic
flux lines, in films of structural quality approaching that of single crystals, are insufficiently
pinned which results in a decreased critical current density. Tc increased monotonically
with improving crystalline quality and approached a value characteristic of a pure single
crystal. A strong correlation between jc and the density of edge dislocations ND was found.
At the maximum of the critical current density the density of edge dislocations was
estimated to be ND -1-2 x 109/cm 2.

1. Introduction.

Researchers involved with high-Tc film growth have focussed their efforts on optimizing

deposition and annealing parameters to achieve the highest critical current density (Jc)and

critical temperature (Tc) [1]. The highest jc and Tcvalues have been reported for epitaxiaUy

grown films of YBCO, deposited on closely matched lattices such as the (001) faces of

SrTiO3 and LaA103 single crystals [2]. It is usually assumed that the ultimate values of Tc

and jc in films with a defect-free crystalline structure. However, Siegel et al [3] showed

recently that an excellent YBCO film structure may have a relatively low critical current

density, close to that of bulk single crystals.

In this paper we present direct evidence that improvement of a film structural quality

beyond a specific limit is detrimental for the critical current density in YBCO thin films.

Our results indicate that a certain density of structural defects is required for effective

pinning of flux lines. Distinct maxima in Jc as a function of Ato(linewidths of the rocking
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curves) and as a function of A(20) (linewidths of the (00£) Bragg reflections) have been

found in epitaxial films. The dependence on Atoimplies the importance of edge dislocations

in the flux pinning. The dependence of Jc on A(20) indicates that the flux pinning is

affected by structural defects responsible for variations in the c-axis length.

2. Film deposition.

The YBCO films investigated here were deposited by pulsed laser deposition from a

YBCO target onto the (001) faces of LaA103 single crystals (1 x 1 cm2) using a KrF

excimer laser (248 nm). The resulting film thicknesses were about 3000 A. The details

concerning film deposition, annealing and structural characterization axe described

elsewhere [4]. The films studied exhibited a smooth, lustrous appearance and were free of

any visible defects. The critical temperature and the critical current density (at 77 K) were

determined by an inductive method [5].

3. Methods of structure characterization.

X-ray structure investigation of the films was carded out on a Siemens D-5000
diffractometer with filtered (Ni) CuKo_radiation. The studies presented in this paper were

carded out using 0-20 X-ray scans and X-ray rocking curves. A brief description of these

techniques is presented below.

The Bragg line broadening A(20) is known to arise both from the instrumental resolution

as well as from structural properties of the specimen under investigation [6-8]. In our case,

the instrumental broadening has been observed to be negligibly small (A(20)instr= 0.02°).

Over and above this instrumental broadening the line width is usually increased by such

factors as small crystaUite size and lattice distortions caused by a nonuniform strain in the

film due to the presence of edge dislocations, cation substitutions, vacancies, interstitial

atoms, etc. [6-8]. In fine-grain polycrystalline samples, the main contribution to A(20) is

due to small grain size. In epitaxial films such a contribution is negligible.Thus the major
source of the variation in the linewidth A(20) appears to be caused by variations of the c-

axis length within the film.
The measured linewidth, A(20), of Bragg reflections exhibiting a Gaussian line-shape can

be expressed as [6,7]:
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[A(20)] 2 = [k _./g cos0]2+[2Ad/d] 2 tan 2 0+ [A(20)]2instr, (1)

where; 0 is the Bragg angle of a (00_) reflection, k is a constant (= 0.9), _. is the

wavelength of the x-ray radiation (here CUKa),g is the average structuralcoherence length

along the c-axis, d is the lattice spacing in the direction normal to the film surface, and

Ad is the variation from the average lattice spacing. A(20)instr is the instrumental

broadening. For epitaxial and polycrystalline films consisting of large grains (g > 1000/_)

the major contribution to the line broadening comes from the second term [7] and thus the
above formula reduces to

A(20) = 2 (Ad/d) tan O. (2)

For a given Bragg reflection (the (005) reflection was used in this work), tan0 = constant,

so that A(20) ~ Ad/d = _:, where I_ is the lattice nonuniform strain [7,8].

It is known that even high quality single crystals consist of sub-micron (-1000 tl,)blocks

(sub-grains), which scatter x-ray radiation coherently [6-8]. These blocks, forming a

mosaic structure, are separated by arrays of edge dislocations which are polygonized to

form small angle boundaries during the high temperature annealingof the film [9].

Regardless of the film growth mechanism, the merging growth spirals or islands produce

planar arrays of edge dislocations which separate mosaic blocks. YBCO films grown by

laser ablation usually contain many screw dislocations which were also observed in our

films (Fig. 1.).

Fig.1. STMimageofa laser
ablatedYBCOfilmgrownon
LaA103(100)showing

growthspirals.The image
coversareaof 1.6x 1.6 I.tm2.
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HREM studies of YBCO films [10] have shown numerous edge dislocations which occur

most likely at the sites where the growth spirals merge, thus creating dislocation walls.

These dislocations accommodate the misorientation of the adjacent domains, and are seen

as the termination points of the lattice extra half-planes [10].

The density of the edge dislocations can easily be estimated [11]. Assuming that the

boundary between two blocks (or islands) consists of a sheet of parallel edge dislocations

of the same sign (whose lines are parallel to the a- or b-axis of the film) and if the

misorientations of the neighbouring domains exhibit a Gaussian distribution, than the

relationship between the measured rocking curve linewidth, At0, and the density of edge

dislocations ND, is given by [11]:

ND = (A_)2/9b2, (3)

where b is magnitude of the Burgers vector of the edge dislocations. This method is

sensitive to dislocations extending at fight angles to the crystal surface and compares well

with the method relying on etch pit counting [11].

3. Results.

To investigate the influence of structural quality on Tc and jc, we have studied the mosaic

spread in the YBCO films by measuring the widths of the (005) X-ray lines rocking

curves. In Fig. 2. the critical current density, jc, measured in the YBCO films is plotted as a

function of A_, the half-width of the (005) X-ray peak rocking curve. It is evident from

Fig. 2, that there is a distinct maximum in jc vs. Ao_dependence. The maximum is around

Ao_= 0.28o. The density ND can be estimated here from equation (3) using the Burgers

vectors of edge dislocations in YBCO reported by Mannhart et al [12], b[100] and b[010].
For Aco = 0.28 °, the corresponding values are 1 x 109 cm-2 and 2 x 109 cm-2

respectively. It is worth noting here that these values are very close to the density of screw

dislocations reported in Ref. 12.For a small mosaic spread (< 0.3°) one edge dislocation is

needed to define a single coherent domain, thus the density of edge dislocations should

roughly be equal to that of screw dislocations.

For either larger or smaller mosaic spread than Ac0= 0.28°, the measured jc rapidly

decreases. While low values of jc for broad rocking curves, A_ > 0.5°, can easily be

accepted, a decrease in jc for a small mosaic spread is not as obvious. However this result
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Fig.2. Criticalcurrentdensity jc plottedas a functionofthe half-widthof the (005)peak
rockingcurve,Ata. Jc data for YBCOsinglecrystals(diamond)[18]anda few
highqualityYBCOfilmsreportedin literature[27-30](fullcircles)arealsoshown
for comparison.

can be understood if one accepts that an improvement of the film structure,which involves

lowering of the density of the edge dislocations, leads simultaneously to substantially

weaker pinning of the flux lines. It has been observed [17,18] that YBCO single crystals

exhibit jc values 10-100 times lower than those found in YBCO epitaxial films. As a rule,

_uch single crystals also exhibit very narrow x-ray lines.

All the films investigated exhibited exclusively (00£) reflections of the YBCO compound

indicative of a highly c-axis oriented texture. However the full width at half-maximum

(FWHM) of the (00_) Bragg reflections varied between films. A similar behaviour in the

observed dependence of Jc on At0 was found in the jc vs. A(20) diagram, see Fig.3. A

plot of Jc vs. A(20), for the (005) peak shows (Fig. 3) a distinct exponential-like decrease

in Jc in the range 0.12° < A(20) < 0.50o, with a maximum appearing close to A(20) =

0.12°. The critical current density measured in the films exhibiting narrower Bragg peaks

(A(20) = 0.07-0.10o), and thus clearly of a better structural quality, was smaller by a
factor of 2-3.

Fig. 3 shows clearly that the lattice strain 13has indeed a substantial effect on the

superconductivity in YBCO films, which is in agreement with other observations [13].

Such an effect was also observed for laser ablated and RF sputtered T1-2212 films as

shown in Fig. 3.
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4. Interpretation and Conclusions.

Although there is no consensus regarding the role of screw dislocations on flux pinning, a

change in the dislocation density leads to substantial changes in je [12]. We will show here

that it is the edge dislocation arrays situated around perimeters of the growth spirals (or

islands) which most likely create the centres necessary for the effective pinning of flux
lines in YBCO films.

_'_ 10 7 i i J I i

I:_ _ • -T12212
it

106 - , [] _.rn

"_ _YBCO s. crystals • _'_

os
-

10 4•_ I I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6

A(2O)

Fig. 3. Critical current density jcplotted versus half-width ot the (005) Bragg
reflection, A(20). For comparison some points obtained for the T1-2212
films (full triangles) are also presented.

The observed dependence ofjc on Atomay be explained as follows. Initially, for a large

mosaic spread (A_ > 0.5o), the dislocation arrays reduce the critical current density relative

to the value within the coherent domains by acting either as a partial barrier to the

supercurrent flow or as weak flux pinning sites. However, this latter effect has been

ruled out by careful analysis of the I-V characteristics of the grain boundaries exposed to

microwave radiation [14].

For smaller Ato (< 0.5o), the tunneling barrier becomes narrower and a high current

density can be transported between the domains. Such an effect should exhibit an

exponential-type dependence on barrier thickness since the tunneling current is likely to

vary asJc ~ exp(-2a/_b), where 2a is an effective width of the barrier between two adjacent

blocks, and _b is the coherence length within the barrier [15]. The array of edge

dislocations acts as an effective SNSjunction. Assuming a direct proportionality between
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the pinning potential and the critical current density [16] one can express jc, as a function

of the mosaic spread by

Jc - Ueff[(Ato)2/b2]-exp(-2a/_b)], (4)

where Ueffis an effective pinning energy of the edge dislocation. The fin'stterm in (4)

corresponds to the flux pinning effect due to the interaction between the edge dislocations

and the fluxoids, and the second term represents the attenuation of tunneling current as
discussed above. For two mosaic blocks of size L > 1000 A and with Ac0< 0.3° the

largest width of the tunneling barrier does not exceed 2a = 5 A (2a < _b = 15 A), which

indicates that a high critical current can flow through the edge dislocation wall almost

unperturbed. However for higher dislocation densities, the barrier thickness increases as

2a = A_0L, and becomes comparable with _ab. Hence the tunneling current density falls

off rapidly. This behavior is evidenced in Fig. 2 for Ao)> 0.3o.

Fig. 4. Ctitical temperature To, plotted as a function of the mosaic spread,A0).
As in Fig. 2, the data reported for YBCO single crystals [18] and some of
YBCO epitaxial films reported in literature [31-34]are shown (open
squares).

The observed increase ofjc in the region of small mosaic spread is proportional to (Aco)2,

see Fig. 2. It is interesting to note that the density of edge dislocations, ND, is also

proportional to (At0)2. We suggest that this behaviour is a manifestation of a strong
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relationship between the critical current density and density of the edge dislocations in the

YBCO thin films. We would like to suggest that the initial increase of the critical current

density scales with the density of edge dislocations.

It has already been shown for classical superconductors that the strain field of the edge

dislocation is an important factor for the pinning effect [19]. The large local distortion of

atomicpositions can change electronic properties of the film,creating local inhomogeneities

in its superconducting properties. Moreover the dangling bonds of edge dislocations create

substantial local electric pertubations in the film, leading to charged grain boundaries. It has

been recently postulated that such charged grain boundaries in high-Tc materials should be

very effective pinning centres which can attract vortices to the grain boundary more

effectively than in classical superconductors [20]. The regions of higher dislocation

density act as very attractive sites for flux lines [19, 20].

The presence of dislocation networks (edge and spiral dislocations) creates a nonuniform
distribution of the lattice strain which leads to a broadening of A(20)diffraction lines in the

films. Therefore it is not surprising that a local maximum in jc was also found in the

dependence of Jc on A(20). A contribution to the scattering/pinning effect from isolated

point defects [21] as well as of local aggregations of point defects in the vicinity of

dislocation (Cottrell atmospheres) [19], and coherent intergrowths [22], can also be

significant.

The role of twin boundaries acting as vortex pinning sites has been recently questioned on

the grounds that: 1) the measurements ofjc on the same twinned and detwinned YBCO

single crystals showed a negligible role of twin boundaries on flux pinning at low

temperatures [23]; 2) in YBCO thin films, observed differences in the twin spacing did

not result in changes in the volume pinning force. The microstructure of the twin

boundaries did not affect the vortex-pinning behaviour of the film [24]. Moreover, the

highest critical currents in YBCO layers were observed in twin-free YBCO/(Nd,Ce)2CuOx

multilayers [25].

The critical current density exhibits a maximum in jc as a function of the edge dislocation

density, while the critical temperature Tc improves constantlywith increasing perfectionof

the film. Fig. 4 shows that Tc = Tmax[1 - k(Ao_)2],where k is a constant. One can argue

that Tc decreases monoticaUywith an increasing density of edge dislocations, (ND-(At0)2).

Such a dependence (Tc = Tc(ND)) suggests that edge dislocations are strong scattering
centres, whose elimination enhances the critical temperature. This is contrary to the

behavior of jc which requires the presence of lattice defects which act as pinning centres.
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This type of behaviour has recently been demonstrated by the introduction of point defects
into a high quality superconducting matrix [26]. A few per cent substitution of Pr atoms

for Y in YBCO, resulted in a decrease of Te by about -2 K, but simultaneously enhanced

the critical current density by a factor of 2-3.
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Abstract

The oxygencontentof Bi2+xSr3.yCayCu208+d (2212 phase) has beendetermined
as a functionof its cation concentration.With increasingCa and Bi content the

oxygen content increasesand Tc decreases.The oxygen contentof Ca rich 2212

phaseincreaseswith decreasingannealingtemperatures.The studyshowsthat the

Tc of the 2212 phaseprimarillyiscontrolledbyitscationconcentration,

1. Introduction

The oxygencontentof the2212 phasewith respectto varyingcationconcentrations

of the phasehas notyet beendeterminedin detail,althoughthe phase exhibitsan

extendedsinglephase regionwhich allowsconsiderabledeviationsfrom the ideal

formula Bi2Sr2CaCu208 [1,2]. In addition,the Tc of the phase obviouselyis a

functionof the Sr, Ca and Bi content[1,3]. The questionarises,whether the Tc is

controlledby the oxygen contentdirectlyor by the cation concentrationwhich of

courseinfluencethe oxygencontentof the phase.

2. Experimental

Sampleswere preparedalongtheconcentrationrangeBi2.18Sr3.yCayCu20z with
y = 0.8, 0.9, 1.1, 1.3, 1.45,1.5and1.7.A secondbatchof sampleswereprepared
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with varying Bi contents refedng Bi2+xSr2CaCu20z with x = 0.125, 0.18, 0.2 and

0.3. The samples were sintered for 24 hours at 820 °C in air. Subsequently, the

samples were regrinded, pressed, sintered at the same temperature for 60 hours

and furnace cooled. Finally, the samples were annealed at 670 °C in flowing

nitrogen for 15 hours in order to reach high Tc values. Phase identification has

been performed using a Scanning Electron Microscope with EDX (Cambridge

Instruments S 200), X-ray diffraction (Philips PW 1050, CuK ) and optical

microscopy (Zeiss Axiomat) using polarized light. The oxygen content has been

measured by carder gas hot extrusion using the Leco Inst. NlO-analysator TC 436.

The CO2 content of the prepared samples were measured using the Rosemount

carbon/hydrogen analysator 5003. The cdtical temperatures have been determind

by AC susceptibility measurements. The standard deviation of the CO2 analysis is

about 0.005 weight percent and that of the Tc measurements + 1 K.

3. Results

The prepared samples consistat least of about 95 volume percent 2212 phase.

Secondphases are Ca2CuO3, Sr14Cu24041.x and CuO. The oxygen contentof

the preparedsamplesincreaseswith increasingCa and Bi content(Fig. 1 and 2).

The accuracyof the d-valueobviouselydepends on the secondphase contentof

the samples.The samples having a great deviationof the d-value (e.g. samples

with the y-value of 0.9 and 1.7 in Fig. 1) have a secondphase contentof about5

percent.Whereas singlephase samples(e.g. y-value 1.1 in Fig. 1) exhibita very

narrowdeviationof the d-value.However,even with respectto the deviationof the

d-value the trend of the d-valuewith increasingCa and Bi content of the 2212

phaseis clearlyseen.

In agreementwith the literaturedata, the Tc of the prepared samples decreases

with increasing Ca and Bi content. The CO2 content of a Sr dch

(Bi2.18Sr2.1Ca0.9Cu208+d) and a Ca rich (Bi2.18Sr1.5Ca1.5Cu208+d) sample
have been determined to be 0.06 weight percent. The thermogravimetry

measurementsrevealthat the oxygencontentof the 2212 phaseincreaseswith
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decreasingtemperature(Fig. 3), which agrees with the resultsof [4]. In addition,

Fig. 3 clearlyshowsthat this increaseis a functionof the Ca contentof the phase

and reaches highest values at Ca rich compositions. Simultaneousely,with

decreasingannealingtemperature the T= of the 2212 phase decreases (Fig. 4).

However,the decreaseof "1=of Ca rich (ATe_ 10 K) 2212 phase is much more

pronouncedthan that of Sr richone (AT=_ 2 K).

4. Discussion

With respectto the deviationof thed-valueduetothesecondphasecontentof the

samples,the observedincreaseof the oxygencontentof the 2212 phase is

obviouselycausedby an increasedoxygensolubilityof the Ca and Bi rich2212

phasecomparedto Bi2Sr2CaCu208+d. The identicalCO2 contentsof the Sr and
Ca richsamplesgiveevidencethatthe observedincreaseof the oxygencontentis

notanartefact,i.e.dueto unreactedCaCO3 intheCarichsamples.

The enhanced oxygencontentof the Birich samplesis possiblydue to the fact, that

the Bi ions,whichsubstitutethe Ca=*and Sr=* ions,are three valent.The resulting

excessof the positivchargesupposedlyistotalyor partlybalancedby the observed

increaseof the oxygen contentof the phase. However,the increaseof the oxygen

contentwith increasingCa contentof the phase can not be explained by that

model,because bothCa and Srare twovalent.

Fig. 5 showsthe Tc values vs. the oxygen index d, publishedby [5] and the Tc

valuesand oxygenindicesd of the preparedsampleswith varyingSr:.Caratios. It is

dearly seen that the sampleswith intermediateSr:.Caratios (Sr.Ca _, 1.7:1.3 to

1.5:1.5) exhibit moderate Tc values of about 80 K, although they have oxygen

contents,which shouldyield high Tc values of about 90 K. The reason for this

discrepancysupposedlyis that the Tc of the phase is primarilycontrolledby the

cation concentration, especially by the Ca content of the phase. However,

consideringthe preparedsampleswithenhancedBicontentthis effect is not or less

pronouncedcompared to the samples with varying Sr:.Ca ratios (Fig. 6). At

decreasingtemperaturesthe oxygencontentof the 2212 phasewas foundto
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increase and T¢ was found to decrease which agrees with the results of [4].

ConsideringCa rich 2212 phase, the increase of the oxygen content and the

correspondingdecrease of T= is much more pronouncedthan that of the Sr rich

2212 phasewhich clearlyshowsthat at constantcation concentrationthe oxygen

contentof the 2212 phasesignificantlyinfluencesthe To.
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Fig.5: The T=vs. the oxygenindexd of sampleswithvaryingSr:.Caratios(black

squares:this work;grey points:[5]).The valuesat the squaresare the y-

valuesreferingBi2.18Sr3-yCayCu208+d.

488



Tc[K]

18

76
0 0.1 0.2 0.3 0.4

d

Fig.6: TheTcvs.theoxygenindexd ofsampleswithvaryingBicontents(black

squares:thiswork;greypoints:[5]),Thevaluesatthesquaresarethex-

valuesreferingBi2+xSr2CaCu208+d.

6. References

[1] P. Majewski, H.-L. Su, B. Hettich, Adv. Mat., 4 (1992), 508.

[2]R. M011er,Th. Schweizer,P. Bohac,R.O. Suzuki,L.J.Gauckler,PhysicaC, 203

(1992), 299.

[3]P. Majewski,B. Hettich,N. RQffer,F. Aldinger,J. Elec.Mater., 22 (1993), 1259.

[4]T. Schweizer,R. M011er,P. Bohac,L.J.Gauckler,Proc.of the ThirdConf. Europ.

Ceram.Soc, Madrid,1993, Editors:P. Duran,J.F. Fernandez,Elsevier,London,

1993,611.

[5]J. Bock,E. Preisler,High-TemperatureSuperconductors-MaterialsAspects,

Editors:H.C. Freyhardt,R. FI0kiger,M. Peuckert,DGM,Oberursel,FRG, 1991,

215.

489



Pb Solubility of the High-temperature Superconducting Phase

Bi2Sr2Ca2Cu30i O+d

Stefanie Kaesche, Peter Majewski, Fritz Aldinger

Max-Planck-lnstitut f_r Metallforschung, Institut f_r Wekstoffwissen-

schaften, Pulvermetallurgisches Laboratorium, Heisenbergstral3e 5, D-

70569 Stuttgart

Abstract

For the nominal composition of Bi2.27_xPbxSr2Ca2Cu3010+d the lead

content was varied from x=0.05 to 0.45. The compositions were exami-

ned between 830°C and 890°C which is supposed to be the temperature

range over which the so-called 2223 phase (Bi2Sr2Ca2Cu3010+d) is sta-
ble.

Only compositions between x=0.18 to 0.36 could be synthezised in a sin-

gle phase state. For x>0.36 a lead containing phase with a stoichiometry

of Pb4(Sr,Ca)5CuO d is formed, for x<0.18 mainly Bi2Sr2CaCu208+ d

and cuprates are the equilibrium phases.

The temperature range for the 2223 phase was found to be 830°Cto

890°C but the 2223 phase has extremely varying cation ratios over this

temperature range. Former single phase 2223 samples turn to multi

phase samples when annealed at slightly higher or lower temperatures.

A decrease in the Pb solubility with increasing temperature was found

for the 2223 phase.

1. Introduction

In the system BiO-SrO-CaO-CuO three superconducting phases are

known: Bi2Sr2CuO 6 (2201), Bi2Sr2Ca Cu208(2212) and

Bi2Sr2Ca2Cu3010 (2223). 2212 is easily prepared over a large composi-

tion range with different Tc's. But Bi2Sr2Ca2Cu3010 which is of special

interest due to its high critical temperature of 110 K is still very difficult

to prepare in a single phase state though Majewski et al. [1] reported a

way. They prepared samples containing up to 90 to 95 vol. % 2223 pha-
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se with a starting composition significantly Bi-richer than the exact 2223

composition, but at much higher sintering temperatures than recom-

mended for leaded compositions. It is fairly well-known that the 2223

phase formation is promoted by partial substitution of Bi by Pb [2]. But

there still exist major problems for single phase material preparation.

Numerous attempts have been made to synthesize the lead substituted

2223 phase in a single phase state [3 to 7] but most of the time it was

done in an empirical way to find out the best starting composition, tem-

perature, pressure and atmosphere. But this is not very satisfactory since

many disagreements exist between the authors.

For the lead free system Majewski et al. [8] and more recently R. MUller

et al. [9] presented the phase equilibria in the BiO-SrO-CaO-CuO system

at different temperatures in air with special regard to the single phase

region of the 2212 and 2201 phase. In [9] the single phase regions of

2212 and 2201 are very precisely worked out for 830°C.

In [8] the single phase region of 2212 for various temperatures and the

associated Tc°sare reported.

In contrast to the very exact knowledge of the homogeneity range of

the 2212 phase only few informations of the homogeneity range of the

2223 phase are found in the literature. This lack of information may be

due to the extremely complicated circumstances. Only a few attempts

have been made to examine the phase equilibria and to find a single

phase region for the 2223 phase. Endo et al. [3] studied the region in

the vicinity of the ideal stoichiometry 2223 and found remarkably diffe-

rences in the phase formation and small differences in Tc. They found

that Tc(0) is affected by small composition variations, and if Ca and Cu

is in excess to the ideal stoichiometry Tc may be lowered to around 95
K.

A more detailed study is given by Strobel et al. [10] who considered a

temperature-concentration cut through the system along the compositi-

on line Bi1.6Pb0.4Sr2Can.1CunO2n+4+x from 825 to 1100°C under the

assumption that Pb forms no phases independent on Bi.

They say that the 2223 phase exists, as a dominant phase between

around 835°C and 875°C for 3 < n < 4. The presence of Pb lowers the
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transition lines of the superconducting phases to about 10 to 15°C. No-

ne of these studies provides a complete discription of the single phase

region of 2223 and of the dependence on Pb content.

Knowing the homogeneity range in dependence on temperature and

lead content would be very helpful for preparation of high-quality ma-

terial. There is still no explanation why partial substitution of Bi by Pb

helps to prepare the 2223 phase. The positive effect of Pb might be due

to a widening of the homogeneity range or a stabilization of the 2223

phase. To get more insight in the complicated circumstances the lead

content was systematically varied starting from the nominal compositi-

on of Bi1.91Pb0.36Sr2Ca2Cu3010+d. This composition with a common

substitution degree was found to be relatively easily prepared in a sin-

gle phase state.

2. Experimental

Samples were prepared by the conventional solid state synthesis route

starting from 99.9 % pure oxides (Bi20 3, PbO, CuO) and carbonates

(CaCO3, SrCO3). The powders were weighed and intimately mixed in an

agate mortar. The calcination was performed in three steps: 12 h at

750°C, 24 h at 780°C and 12 h at 800°C. After calcination the powders

were again grind, pressed into small cylindrical rods and sintered for

60 h in air at 850°C. The sintering step was four times repeated after an

intermediate grinding and pressing step resulting in a total sintering ti-

me of 300 h. These long reaction times in connection with intermediate

grinding and pressing are necessary to assure the completeness of the

reaction. After this 300 h reaction time all compositions were annealed

at 830 for 200 h, at 860°C, 865°C, 870°C for 60 h, at 880°C 12 h and at

890°C for 2 h. The increasing amount of liquid with increasing tempera-

ture makes it necessary to decrease the annealing time since the liquid

reacts very easily with the alumina crucible. But this decrease in reaction

time with increasing temperature is no drawback for the examinations

since all samples were first five times reacted at 850°C to make sure that
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the most limiting step for reaching the equilibrium state, the 2223 for-

mation, is completed before annealing at various temperatures.

Starting from the nominal composition of Bi2.27_xPbxSr2Ca2Cu3010+d

samples with x=0.05, 0.18, 0.27, 0.36 and 0.45 were prepared.

Phase identification was performed by optical microscopy, X-ray diffrac-

tion using Cu-K_ and EDX analyses.

For the composition Bi2Pb0.27Sr2Ca2Cu3010+d representing a compo-

sition in the middle of the homogeneity range the lead content of the

2223 crystallites was measured at all considered temperatures. Micro-

probe analysis was necessary to accurately monitor the Pb content.

3. Results

3.1. Homogeneity Range

In Table 1 all found phase equilibria are listed in connection with a sym-

bol corresponding to a certain region in Fig. 1. Figure 1 shows the ho-

mogeneity region and existence regions for 2223 in the section under

consideration. For the sake of clarity only regions are drawn, no real

phase diagram is constructed due to the enormous complexity of five

component systems.

Between x=0.18 and 0.36 a single phase region of 2223 is found. Figure

2 shows a Scanning Electron Microscope photograph (BSE) of a sample

with the nominal composition of Bi2Pb0.27Sr2Ca2Cu3010+d. The sam-

ple is located in the middle of the single phase region and no other pha-

se than 2223 is detected.
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Fig. 1. Homogeneity region and existence regions of 2223

• single phase 2223

@ Pb4(Sr,Ca)5CuOd + 2212 + 2223 + CuO

• CuO + 2223 +2212

Q 2212 + (Sr,Ca)14Cu24041.x+ Ca2CuO3 + CuO

ID Pb4(SroCa)5CuOd + (Sr,Ca)14Cu24041_x + 2223 + liquid + CuO

• CuO + 2223 +2212

() Pb4(Sr,Ca)5CuOd + (SroCa)14Cu24041.x + 2223 + liquid

(_ 2212 + (Sr,Ca)14Cu24041.x+ Ca2CuO3 +2223

(_ 2223 + (SroCa)14Cu24041_x + Ca2CuO3 + liquid

e 2212 + (Sr,Ca)14Cu24041_x+Ca2CuO3 +2223 + liquid

0 (SroCa)14Cu24041-x+ Ca2Cu03 + 2212 + liquid

Table 1. All analysed phases with symbols corresponding to Fig.1
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Fig. 2. BSEimage of Bi2Pb0.27Sr2Ca2Cu3010+d at 850°C

For x>0.36 2223 is in equilibrium with numerous other phases among

which a lead containing phase (Pb4(Sr,Ca)5CuOd) indicates that the ma-

ximum Pb-solubility is exceeded. For x<0.18 only small amounts of 2223

are detected. Phase equilibria with predominantely 2212 are stable over

the whole temperature range.

Annealing of samples at temperatures between 865 and 885°C results in

no differences concerning the phase equlilibria for x=0.45 to 0.18 all

compositions are located within a four phase region (Table 1).Figure 3

shows a BSEimage of a sample at 880°C lying in the four-phase region.

Fig. 3. BSEimage of Bi2Pb0.27Sr2Ca2Cu3010+d at 880°C (white: liquid,

light grey: 2223, grey: Ca2CuO3, dark grey: (Sr,Ca)14Cu24041_x)
495



Samples with x=0.45 to 0.18 contain no 2223 at temperatures higher

than 890 °C. We can state the following reaction scheme:

2223 T>865°Cv 2223 (Ca-/Pb-deficient) + Ca2CuO 3 + (Sr,Ca)!4Cu24041_x + liquid

T>890°_ 2212 + Ca2CuO3 + (Sr,Ca)14Cu24041_x + liquid

The 2223 compositions formed with increasing temperature have no

more a stoichiometry of (Bi,Pb)2.27Sr2Ca2Cu3010+d and are located

outside the plane under consideration. With increasing temperature the

Sr content goes up and the Ca content down, moreover the Cu to

(Bi,Sr,Ca,Pb) ratio goes up indicating a cation deficiency for higher tem-

peratures.

Up to 890°C no significant changes in phase equlilibria were found (Fig.

1). The decomposition of the 2223 phase happens within a temperature

range of about 5 degrees. At 885°C 2223 is still detected whereas at

890°C there is no more 2223. No difference between compositions with

differing Pb content could be found.

Samples with x<0.18 show a completely different behavior. Over the

whole temperature range 2212 is the predominating phase with small

amounts of cuprates and liquid (at temperatures higher than 875°C)

(Fig. 1 and Table 1). At 890°C significantly less liquid compared to com-

positions with x>0.18 is formed indicating the transition to another

phase region.

3.2. Lead Content

Microprobe analyses were performed for a composition with x=0.27 to

document the changes in cation stoichiometry with temperature. This

composition is located in the center of the homogeneity region.

850°C analysis results in the nominal composition since the sample is sin-

gle phase. With increasing temperature the 2223 crystallites become Pb-

and Ca-deficient.

Figure 4 shows the lead solubility of the 2223 crystallites in dependence

of temperature represented by the ratio Bi/(Bi+Pb).
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4. Discussion

Regarding the homogeneity for a nominal composition of

Bi2.27_xPbxSr2Ca2Cu3010+d it is remarkable that there is no lead free

composition for this (Bi+Pb) content. This suggests a widening of the ho-

mogeneity range of 2223 by lead substitution. In fact, this is in accor-

dance with the results for the lead free system where no 2223 in the vi-

cinity of the idealized stoichiometry 2223 is found but compositions of

about 2.5 223 gave high volume percentages of 2223 [ 1]. Thus we can

regard the here presented homogeneity region as a section through the

whole homogeneity region having the connection to the lead free sy-

stem at Bi=2.5, i.e. out of the plane under consideration.

More experiments are necessary to assure this assumption. Nevertheless

the results imply a widening of the homogeneity range to Bi-poorer

compositions, compared to the lead free system with increasing Pb con-
tent.

In the considered section for compositions with x<0.18 the borderline of
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the homogeneity range is crossed and the compositions are in a diffe-

rent phase region.

The fact that the sample with x=0.05 shows almost no 2223 and signifi-

cantly less liquid than all other compositions up to 890°C indicates a lo-

cation of the sample in a different phase region. If one would assume

that the compositions with x<0.18 are confronted with a higher kinetic

barrier for 2223 formation due to less Pb than such with x>0.18,this bar-

rier should be partly overcome with increasing temperature indicated by

a growing 2223 content. At 890°C the samples should have comparable

amounts of liquid as the compositions with x>0.18 since there is no ki-

netic barrier for liquid formation.

From these results it is possible to say that there is no continuous Pb

substitution from x=0 to 0.36 possible for a (Bi0Pb)content of 2.27. Also

for other 2223 compositions phase formation may depend on proper Pb

content corresponding to a certain substitution degree. For the determi-

nation of the complete homogeneity range experiments with (Bi+Pb)

content variations are in progress.

Since the lead content is also a function of temperature the 2223 prepa-

ration gets even more complicated. One has to establish for every tem-

perature the homogeneity range as a function of Bi substitution.
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Abstract

The modem theory of superconductivity,based upon the BCS to Bose-Einstein transition,
is applied to the periodic table of the elements, in order to isolate the essential features of
high temperature superconductivity and to predict its occurrence within the periodic table.
It is predicted that Sodium-Ammonia, Sodium Zinc Phosphide and Bismuth (I) Iodide are
promising materials for experimental explorations of high temperature superconductivity.

Introduction

The purpose of this talk is to bring to the attention of the experimental community
some recent theoretical results of modem superconductivity theory, in a mannerwhich is
understandable to those not well versed in the mathematicaland physical machineryof this
modem day theory. I will begin by explaining in simple, rather naive terms, the essential
nature of the modem theory of high temperature superconductivity,which is regarded as a
crossover transition theory between the BCS theory of the cooperative Cooper pairing of
high-density, weakly-coupled, wide-band electrons, and the formation and Bose-Einstein
condensation of low-density, strongly-coupled, narrow-band bipolarons, which is now
commonly referred to as the Ogg-Schafi'oth theory of superconductivity [1-4]. I will then
describe to the experimentalist what this new theory predicts concerning the properties of
a typical high temperature superconductor, and I will present several likely candidates for
materials which are predicted to satisfy those requirements. I will also present a brief but
thorough reference list to the theoretical and experimental literature, for those who may
wish to pursue an endeavor which I believe will ultimately lead to practical and efficient
high and/or near room temperature superconductivity, at the device and product levels.
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There is nothing mysterious about high temperature superconductors. The only
mysterious thing about theories of high temperature superconductivity are the theorists
themselves. It has been said, and not unkindly, that there are as many theories of high
temperature superconductivity as there are theorists, that superconductivity theorists do
not read one another's papers, that they don't perform experiments and that they never
make predictions. Fortunately, they do occasionally publish papers, and many of them are
quite good reading. I think the major problem with these theories of high temperature
superconductivity is that, as with the theorist, they are usually over-specialized.What we
need then, is to identify the most general theory of high temperature superconductivity,
which contains the many other theories as special cases, so as not to refute any one theory,
thereby offending the theorist. This is precisely what I have done, and in doing so I have
obtained a very good theory of high temperature superconductivity, not my own, which is
evidentlycapable of making predictions, which are, in theory, experimentallyverifiable.

This new theory of superconductivity is the BCS to Bose-Einstein transition theory
and the high temperature superconductivity appears in the crossover regime between these
two extremes of this spectrum. The ultimate predictions we would like to make with this
theory, are the specific compounds and crystal structures which would ideallydemonstrate
this wonderful and interesting phenomenon of high temperature superconductivity. If the
realization of room temperature superconductivity is ever to come about, we must move
beyond the notion that the heavy metal/alkalineearth/copper oxide/layersare the ultimate
manifestation of the concept of high temperature superconductivity. We must think boldly.
It does not suiiice to perform endless experimentswith no theoretical understanding of the
basic phenomena, nor does it make sense to create individual theorieswhich are incapable
of making predictions, and are not experimentallyverifiable. To truly know about high
temperature superconductivity,we must be at one with the periodic table of the elements.

The appeal of the BCS to Bose-Einstein transition theory lies in its simplicityand
elegance, and also its ability to give exact results in the BCS and Bose-Einstein extremes,
as well as meaningful results in the crossover regime. It also pays tribute to its predecessor
in that it lends credibility to the originalOgg-Schafroth theory of superconductivity, yet
the generalization of the BCS wavefunction is still equallyvalid in both extreme limits.It is
only in this crossover regime, dominated by fluctuations, and ultimately,phase separation,
where the application of Migdal's theorem becomes invalid [5], and the bipolaroniceffects
become dominant.This is precisely the regime we are interested in, where charge, spin and
mass degrees of freedom couple in extraordinary ways, producing the enhanced electron
lattice interactions, creating what we now know as high temperature superconductivity.
The ability of this theory to yield useful predictions lies in the fact that, while this theory
encompasses a continuum of models from one extreme to the other, we now know that
the occurrence of superconductivity in the crossover regime involves only electron pairs,
and thus the application of this theory to the periodic table of the elements in this regime,
requires that the model be discrete within the ionic lattice, up to the correlation length. As
we shall see, this implies that severe constraints exist on the geometry and composition of
the lattice, and thus, this greatly simplifiesthe choosing of the elements for the optimum
superconducting effect. By process of eliminationthen, we quickly arrive at the results.
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Resu/

The experimentalresultswhich verifiedthe BCS to Bose-Einsteintransitiontheory
as the correct approximationof the thermodynamicdescriptionof superconductivitywas
the now famousUemura plot [6]. It was well known at thattime that these materialswere
extremetype II superconductorswith extremely short correlationlengths,and bythis time
the early theoretical results were in place [7-11], but it was the Uemura group's elegant
measurementsof the energyscalesand penetrationdepths,and the graphical interpretation
of those results, that had such a profound impacton the theoreticalwork in the crossover
regime [12-21], and even they were able to correctly point in the fight direction at that
time [22,32]. The model of this theory has evolved to such a high degree of simplicityin
the one-dimensionalform, that it is nothingless thanbeautiful[23-29]. We now haveeven
a more vivid confirmationof the essentialenhancementof the electron lattice interactionin

the crossover regime, in the form of the simpleand degant simulationsdoneby the Egami
group [30-31], and they also are pointing againin the right direction.If there ever was a
smokinggun, thenthis is it. There is no questionthatthe BCS to Bose-Einstein transition
theory is the approximatethermodynamicdescriptionof superconductivity,independentof
any specific pairing interactions, and the enhancementof the electron-lattice interaction by
the strong electron/ion correlations within the crossover regime is the essential mechanism
responsible for the phenomenon of high temperature superconductivity, as we know it.

The crossover regime is less amenable to theoretical treatment than the extremes,
however, and to gain a useful understanding we must again revert to our models, which
ultimately have to be verified by experiment. The models come in a variety of forms, but
one of the most easilyunderstood forms is the boson-fermion model [32-36], which is also
referred to as the bipolaronic two-component model, and the induced pairing model. The
motivation for this model is rather simple. Although the continuum theory, for which the
one dimensionalexample is exact, predicts a continuous transition fromthe fermionicBCS
extreme through the bosonic Bose-Einstein extreme, within the crossover regime it is
paradoxical, because we must consider the discreteness of the constituent electron pairs.
Thus, the only way to satisfy this discreteness condition is to acknowledge that both pair
breaking and pair formation interactions are in direct competition with each other. It is
precisely this knowledge, coupled with the short correlation lengths and modified energy
scales, which allows us to make useful predictions, for not only are the individualelectron
pairs discrete, but so are the ions which comprise the lattice. Thus, we are able to use the
theory as a useful guide in measuring the electron-lattice interaction and coupling strength,
and furthermore, we can use dimensionalityconsiderations as a guide to crystal structure.

The theory itself is exact in one dimension [29], and we are now finding that the
theory is, in certain respects, analytic in the limit of infinitedimensions [37-44], and these
results also applyto the various models. Of course, the dimensionsof interest are 2 and 3,
[45-47] and these dimensionsmay be regarded as analogous to the crossover regime. The
analysiswillbe restricted, however, to the one dimensionalcase, as this is the simplest,but
more to the point, we can construct higher dimensions from the lower dimensionalcases,
and we know the essential BCS singularityis not unique to the two-dimensional case [24].
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The modeling of the BCS to Bose-Einstein transition theory in one dimensionis
straightforward[29]. The essentialparametershereare simplythe correlationlengthof the
pairs, and the average interparticleseparation, determinedby the numberdensity.It is the
ratio of the correlation length to the average interparticlespacing, which determinesthe
energyvalue of the couplingconstant, and when this ratio approachesunity,we can then
applythe discretenesscondition,and derivethe strengthof the electron-latticeinteraction
in relative(dimensionless)units. If critical transitiontemperaturecorrelatesdirectlywith
the electron-lattice interactionstrength,then the only parametersof the problemare the
correlation length andnumberdensity, and these are obviouslydiscrete in the crossover.
The only furthercomplication (or restriction)to this problem,is in the crossoverregime.
By definition,thereare two components,bosons and fermions,each presumablywiththeir
own correlationlengths and numberdensities.But sincethe ratio of the correlation length
to the interparticlespacing is close to unity, thenthese values are relatedby the coupling
strength,which scales proportionalto that ratio. Thus, the complicationis a simplification
and it is then rathereasy to derive a finite numberof discrete possible configurations,
determinedby the relativeelectron-latticeinteractionstrength,which also scales discretely
in the crossover. In real 0aipolaronic)systemsthese will correspondto on-site, inter-site,
and next-nearest-neighborinteractions,also referredto as the microscopiccoherencecells.

It is the discretenessof the ionic lattice which simplifiesthe problemand makes the
analysispossible. Since the electrons are nearly localized, then eitherthey are localized,
andthus correlated, or they are not localized, but have a finitecorrelation length,which is
measuredin units of the lattice constant. Either way, there are only a finite numberof
possibilities,when the correlationlengthis short. Thus,it is easy to see that the crossover
transition,correspondingto a ratio of exactlyunity, representsthe maximumdensitythat a
bosonic system can remainpurely bosonic, and the minimumdensity that a fermionic
system can remain purely fermionlc, and that this density is directly proportional to the
interactionstrength[14], and clearly favors the symmetricformationand/ordissociationof
electron pairs, over the units of the lattice constant. The only other parameter is density,
and this is what Uemurahasbeen tellingus all along. Thereis nothingmysteriousaboutit.

Therefore,since crossovertransitionis equivalentto Bose-Einstein condensation,
thendensityof the electronpairs is the primaryenhancerof criticaltransitiontemperature.
In orderto increase this density, we must reducethe correlation length, and enhance the
electron-lattice interaction,whateverthe cost. The cost is great for higherand higherTc's.
As we might expect, the restrictionsimplied by the discretenessof the ionic lattice also
implythat the critical transitiontemperatureswill also scale discretely,and the numberof
compoundsand crystal structureswhich are able to satisfy the severe constraintsimplied
by the discretenessconditionwill become fewerand feweras Tc's climbhigherand higher.
In fact, unless the charge carder concentrationvaries continuouslyacross the transition,
we would expect that triplingand doublingbehaviorof the Tc'swould be observedin the
crossoverregion,and this is what is observed.Ultimately,at the maximumtheoreticalT_,
competitionfrom charge, spin and mass density fluctuationswould become so extreme,
that the ability of the superconductingground state to overcomethese fluctuationswould
finallyfail, leadingto densitydisproportionationand/or a liquid-gasphase separation[48].
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Conclusions

We can now proceed with the application of the BCS to Bose-Einstein transition
theory of superconductivity, to the periodic table of the elements, to enable us to predict
the nature and occurrence of high temperature superconductivity within the periodic table.
As I have stated earlier,we proceed initiallyby process of elimination,as we already know
a great deal about most of the elements and compounds comprising the periodic table. We
will use previous experimental evidence in the literature as our guide, but we now know
that what we are looking for is something very new, or something previously overlooked,
otherwise the cuprates are indeed the final word on high temperature superconductivity,
and this exercise will have been in vain. We must understand that, since these materials are
in the fluctuation regime when they are in the crossover region, and that the density is the
fundamental parameter, then any element or compound may be forced into this behavior,
merely by expanding or contracting the lattice [49]. What we are looking for, are materials
which induce the largest reorganization of charge, spin or mass, with the smallestvariation
of the lattice density, that is, materials with the largest electron-lattice interaction strength,
which is still less than, or equal to, the disproportionation energy of the lattice [50-52].

The first thing we realize is that most of the existing forms of high temperature
superconductivity are not exactly on the crossover transition, because their correlation
lengths are severaltimes their interparticle spacing, or their interpartiele spacingis several
times their interatomic spacing, and they need to be doped into superconductivity. Thus,
there is some room for improvement. It is also obvious that the cuprates are on the BCS
side of the transition, that is, the boson/fermion ratio is asymmetricin favor of fermions,
and the bismuthates are clearly on the Bose-Einstein side of the transition, asymmetricin
favor of the bosons. We observe that the cuprates favor two-dimensional spinfluctuations,
and that the bismuthates favor three-dimensional charge fluctuations. Given the fact that,
other than To, the superconducting properties of the cuprates are poor, and except for To,
the superconducting properties of the bismuthates are excellent, while their density of
states at the fermi level is rather low, then it is obvious that the bismuthates need to be
examinedmuch more closely, for possible Tc improvement, and this is what I have done.

We understand that when a materialis exactly on the crossover transition, then it is
either an antiferrornaguetic insulator, if it is linear, or it is a spin singlet superconductor.
Another possibility,which has been previously overlooked, is that it may be a diamagnetic
insulator, if it is disproportionated, but not actually phase separated. An example of this
would be the mixed-valance compounds. In fact, as we now consider the ions within the
same theory as the electrons, then a variety of situations emerge, most of which involve
ionic pairing states and the geometry of the lattice. Thus, we would expect that, within the
crossover regime, pairing states would be extremely sensitive to geometry of the lattice,
and that the optimum (extreme) fluctuation states, exactly at crossover transition, would
occur when the lattice geometry is metastable, but constrained, by the conditions imposed
upon it. Since these pairing states are indeedfluctuating, then the geometry must be linear.
And, in fact, we do observe that the highest critical transition temperatures are obtained,
when the cuprate layers are exactly flat, and when the bismuthate lattice is precisely cubic.
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We also observe that high temperature superconductivity is often associated with
lattice phase transitions, and that these phase transitions occur, not in the superconducting
phases, but at their boundaries. It would be easy to imagine that these phase transitions
have no relationshipat allwith the superconducting phases, but the evidence now suggests
that these transitions occur at the boundaries of the superconducting phases, precisely
because the effect of the superconductivity is to defeat or frustrate these phase transitions.
Thus, the theory predicts that at the exact point of crossover transition, at the maximum
theoretical To, a phase transition from a diamagnetic or antiferromagneticinsulating state,
directly into the singlet superconducting state would be observed, independent of doping,
and that this transition would be strongly dependent upon density. Thus, the condition of
maximumtheoretical Tc is a cusp-like phenomenon, and we would expect that, although
every element or compound within the periodic table is intrinsicallycapableof entering the
maximum fluctuating state, only one compound is capable of sustaining that state as the
highest temperature superconducting state, for any configuration ofbosons and fermions.

High temperature superconductivity is a two-component phenomenon involving
pairs of electrons and ions within a discrete lattice. When we approach the periodic table
of the elements in search of new and better forms of high temperature superconductivity,
we can immediatelyrule out the vast areas inhabitedby the metals and intermetallicalloys,
because they display the traditional BCS form of superconductivity.Likewise, we can also
disregard low density materials, as their criticaltransition temperatures are much too low.
This includes the semiconductor materials which exist along the diagonal metalloid band.
The BCS to Bose-Einstein transition theory of superconductivity distinctly predicts that
anionic metals, which are on the borderline between ionic, metallic and covalent bonding,
are the best possible choices for investigation. We can precisely predict, with this simple
theory, that the materials most favorable for this behavior would be multi-valent or mixed
valence metal-anion compounds of the highest possible density, which span the metalloid
band, perpendicular to it but not on it. The experimentalcommunityhas so far investigated
the metal oxides, sulfides, fullerides and borides. The only part of the periodictable which
has not been previously considered viable materialfor high temperature superconductivity,
are alkali-metal and group V-halide salts, and these are precisely the type of materials and
compounds which this theory actuallypredicts, as having the optimum high Tc properties.

There are also only a handfulof distinct and discrete methods of moving across the
metal-insulator transition occurring at the crossover transition, at maximumtheoretical To.
One method would be to take a high densityfermionicmetal and then continuously reduce
the density, until the pairinginteraction at the crossover transition sets in. There is now no
question that this is precisely what occurs in Sodium-Ammoniasolutions, and this was the
originalmotivation for Ogg's experimentalinvestigations of this system. Another method
would be to take a low density bosonic insulator, and continuously increase the density of
the bosons, until metallicbehavior sets in at the crossover transition. It is my fundamental
thesis that this occurs in the bismuth iodide system, and sincewe are dealing with discrete
bosons at the outset, the theory predicts that the exact nature of the transformation is from
the diamagnetic insulating state, to the singlet superconducting state, which is necessarily
manifested by a polymericmixed-valance to £c.c. Bismuth (I) Iodide phase transition [64].
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The metal ammoniasolutionshave been around for a long time, and like the high
temperaturesuperconductors,they havebeen extremelyresistantto theoreticaldescription
withinthe crossover regime [53-57]. The relationshipbetweenbismuthiodideand sodium
ammoniasolutions, on the other hand, has been previously overlooked, even though the
moltensalt chemistshaveknown thatthere are many similaritiesintheir behavior,and the
Russians have been for manyyears predictingthat this systemwould exhibitpreciselythis
type of behavior [58-61]. If the sodium-ammoniais regarded as a continuous,low density
fermionic systemand the bismuth-iodideis seen as a discrete,high densitybosonic system,
thentheory predictsthat,at maximumtheoreticalTo, we would expect to find an optimum
mixed boson-fermionsystem, which would scale across the metalinsulatortransition in a
discrete andcontinuousmannermidwaybetween sodium-ammoniaand bismuth(I) iodide.
And, in fact, we findthat the Russians are againobservingthat zinc phosphideappears to
displaythese same bosonic pairingstates [60-61]. It is only necessaryto add fermionsto
this system, in order to induce this materialinto the crossover regime, and alkalimetal is
obviouslyanidealway to do this.Sodium Zinc Phosphide is thusanentirelynew system.

As we move awayfromthe metal insulatortransitionand maximumtheoreticalTo,
which occurs along the metalloidbandwithinthe periodictable, more ionic configurations
become possible,and this is where I believe thewell known exotic superconductorsreside.
At maximumtheoretical T_, it is the phase separationand disproportionationof the ionic
lattice which must be overcome to produce the high temperature superconductivity.As
this temperaturedecreases,it is expected that less extreme methodsof disproportionation
would occur and I expect that the organizationof the cupratesinto two-dimensionallayers
is one example of this behavior. On the other hand, as this temperature increases, then
extreme methods of control mustbe imposeduponthe lattice to preventphase separation,
and force these materials into the high temperaturesuperconductingstate. I believe that
selective chemicaloxidationis one methodof accomplishingthis, and that reports of high
temperature,high currentconductivityin oxidizedpolypropyleneand sodium-ammoniaare
a demonstrationof this phenomenon.In fact, if the role of oxygen and hydrogenis seen as
the primarymechanismof oxidationand reduction reactions, and the concept of metallic,
superfluidhydrogen is consideredvalid,thenit is only a small stepto controlledoxidation
and reductionreactionsin a superconductingenvironment,at quantumunit efficiency,and
a superconducting,sodium-basedCastnerdry cell mightbe one resultof this technique.

I will concludeby giving a vision of thingsto come. I havelearneda great deal by
the applicationof this BCS to Bose-Einstein transitiontheory of superconductivityto the
periodictableof the elements,muchmore than I could describein this short presentation.
I believe we are on the verge of a revolutionin solid state and condensedmatterphysics,
and thatthis theory unequivocallypredictsthe existenceof an entirelynew class of high
temperaturesuperconductors- the inorganicmetal-salt solutions.I also believe that these
materialsare muchmore than simplybetter high temperature superconductors.There are
deep relationshipsbetween the physicsand chemistryof these materials,and the periodic
table, and the existence of the liquid-gasphase separationsand non-linearinteractions,
indicatingthatthese materialsare more efficientand environmentallyfriendlyalternatives
to thetraditionalphysical,chemicaland mechanicaldeviceswhichnow dominateour lives.
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I openly admit that there is no new science in this report. I have only made an
unbiased and common sense application of what appears to be a very good theory of
superconductivity, to the periodic table of the elements, based upon the totality of the
theoretical and experimentalevidence. In this respect, my references are incomplete, thus,
I apologize for any omissions from the list. Since it is presently beyond my immediate
capability to carry through the experimental chemistry required to confirm or refute these
results, the purpose of this report is to inform those of you who may wish to pursue this
endeavor. It is now up to the experimentalcommunity to attempt to confirm or refute the
specific predictions this theory is able to make. If this theory is correct, and I have yet to
uncover any clear evidence to the contrary, while the competing models have all been
shown to be generalizableby this theory [62-64], the results should truly be spectacular.
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Abstract

A homologous series of new Hg-based HTSC compounds, (Hg,M)Sr2Can-lCunOy with
n=l to 3, have been synthesized. The stabilization of the pure phases have been accomplished by
chemical doping of third elements such as M=Cr, Mo and Re. While the Hgl201(n=l) phase was
readily obtained in this way, it was necessary to simultaneously dope Y into the Ca site to stabilize
the Hg1212(n=2) phase. On the other hand, single-phase Y-free Hg1212(n=2) and Hg1223 (n=3)
samples were synthesized only under a high pressure of 6 GPa. In sharp contrast to the Ba-
containing compounds, all the samples prepared in the present study have been quite stable during the
synthesis and no deterioration in air has been observed after the preparation.

1. Introduction

Recent successive discoveries of the homologous series of HgBa2Can-lCunOy (n=1,2,3,4)
[1-4], have stimulated again the further search of new high-T c superconductors, as this Hg-based

family established the record-high Tc of 134 K and over 160 K under ambient and high pressures,

respectively. However, these materialshave been found to be sensitive to carbon dioxide or humidity

so that they arc chemically rather unstable under ambient air. The present authors speculated that

substitution of Sr for Ba would be effective to chemically stabilize these samples and have

successfully synthesized recently a Ba-frec Hg-based superconductor, (Hg,Cr)Sr2CuOy[5]. While
its Tc, approximately 60 K, was relative lower than that of its Ba-based analogue, HgBa2CuO4,this

St-based compound was found to be quite stable underopen air.

As it is well recognized, an increase in the numberof CuO2 sheets in the unit cell structure of

layered cuprates is a promising way to enhance Tc. After the discovery of the (Hg,Cr)Sr2CuOy,we

have immediately tried synthesis of similarly Cr-doped HgSr2Can-lCunOy (n=2,3). However, this

attempt was unsuccessful, resulting in the formation of the Hg1201 phase plus impurity phases only,

without any trace of the intended Hg1212 or Hg1223 phase. At the same time, we searched for other

metal elements by which the Ba-free Hg1201, Hg1212 and Hg1223 structures could be structurally
stabilized.

In this paper, we report synthesis and superconducting properties of new barium-free

mercury-based superconducting systems, HgSr2(Ca,Y)n.lCunOy (n=l,2) by chemical doping of Cr,
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Mo, or Re into the Hg (or Cu) sites. We have also adopted a high-pressuresynthesis technique,by
which Hg1233 (n=3) could be successfullyobtained as a single phase sample. Values of Tc of the

prepared samples were approximately 60-70 K and 90-100 K for 1201 and 1212 compounds,
respectively.On the otherhand, our Hg1223showedonly Tc -59 K. Webelieve that, in termsof the

carder doping, this sample is still in the under-dopingstate with the preparationconditions we have
so far examined.

2. Experimental

Samples were synthesized by using the two-step solid state reaction technique. Mo-Sr-

(Ca,Y)-Cu-O and Re-Sr-(Ca,Y)-Cu-O precursors were prepared by calcining mixed powders of

SrCO3,CaCO3,CuO,MOO3,ReO3and Y203 at 950°C for 24h in air.The obtainedprecursorswere

then mixed together with HgO and pressed into pellets of 10 mm_ × 1 mm in dimension. All these

procedures have been followed under an open air. Subsequently, each pellet was sealed in an

evacuated quartz ampoule, sintered at 860~940°C for 10~40h and finally quenched to room

temperature. For the high-pressure synthesis, the mixed powder of the precursor and HgO was

loaded into a gold capsuleand reactedat 1000°Cfor 30 min under a pressureof 6 GPa using a cubic-

anvil type high-pressureapparatus[6].
Crystal structure was analyzed by the standard powder X-ray diffractometer with Cu-Kt_

radiation. Superconducting properties were studied via DC susceptibility and resistivity

measurements.Susceptibilitywas measuredusing a SQUID susceptometer(HOXANHSM-2000X)

under an applied field of 10 Oe. Resistivity measurementswere performedby the conventionald.c.

four-probe method.

3. Results

3.1. Hg(Sr)1201 compounds

Powder X-ray diffraction analysis revealed that samples with nominal composition of (Hgl-

xMox)Sr2CuOy with x--0.3-0.5 were almost single phase of Hgl201 structure. A powder X-ray

diffraction pattern of the sample with x--0.3 is shown in Fig. 1. Diffraction peak indices with the

tetragonal unit cell are also displayed in the figure. Samples with x=0.1 and 0.2 contained SrHgO2 as

an impurity phase as we observed in the case of (Hgl.xCrx)Sr2CuOy [5]. In the samples with

x>0.7, SrCuO2 and SrMoO4 phases appeared dominantly and their amounts increased with an

increase of x. Lattice parameters, a0 and co, of the tetragonal unit cell were calculated to be 3.80 A

and 8.86 A, respectively, being almost independent of x. The co value was a little larger than that of

(Hgl-xCrx)Sr2CuOy, c0=8.64-8.71 A (0.3<x_<0.7) [5].
Diamagnetism due to the superconductivity was observed for the Mo-doped samples in the x
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Fig.I:PowderX-raydiffractionpatternsof(Hg0.7Mo0.3) Fig.2 :Susceptibilityandresistivity(inset)curvesof

Sr2CuOysample.DiffractionpeaksofHg(Sr)I201 (Hgo.7Mo0.3)Sr2CuOysample.
phaseareshownwiththeirtetragonal(h,k,I)indices.

rangeof0.1__x<0.7.Tc(onset)wasfoundtodependonx andincreasedfrom52K forx---0.1to72

K forx=0.7.Figure.2 showsthezero-field-cooled(ZFC)andfield-cooled(FC)susceptibility

curvestakenundera magneticfieldofI0Oe for(Hg0.7Mo0.3)Sr2CuOyandthetemperature

dependenceofitsresistivityisshownintheinset.TheZFC andFC magnetizationcurvesliecloseto

eachotherandthesuperconductingvolumefractionat5K estimatedfromtheZFC curvewas1.5%.

The resistivity curve showed a metallic behavior with a small drop at 58 K corresponding to the

Tc(onset) in the magnetic measurement, but the zero resistance was not observed down to 4.2 K.

These results and the X-ray diffraction pattern (Fig. 1)indicate that the superconducting coupling

between the crystal grains is rather weak in this sample. This behavior is quite different from the

(Hgl.xCrx)Sr2CuOysystem with x--0.3which showedthe perfect diamagnetismat low temperatures
and the zeroresistance with a sharp transitionat 58 K [5].

The effect of Re substitutionfor stabilizingthe Hgl201 phase wasobserved at a lowerdoping

level, x, than Cr or Mo doping. Samples composed of Hgl201 as the major phase were obtained

with the 0.05<x<0.2 in both samples with nominal compositions, (Hgl.xRex)Sr2CuOy and

HgSr2(CUl.xRex)Oy. Figures. 3(a) and (b) show powder X-ray diffraction patterns of

(Hg0.9Re0.1)Sr2CuOy and HgSr2(Cu0.9Re0.1)Oy.Both patterns are similar to each other only
slightly differing in the amount of impurity phases. However, a larger amount of impurity phases

such as SrHgO2 was compared to thecase of the Cr or Mo-substitution.Lattice parameters, a0and
cO,were almost samefor the both samples;3.783/_ and 8.883/k, respectively.

Superconducting transition was observed with x up to 0.5 in these sample series. Tc was

approximately 70K independent of x(0.05~0.2). Figure. 4 shows the ZFC and FC susceptibility

curves taken under a magneticfield of 10 Oe for HgSr2(Cu0.9Re0.1)Oy,and theresistivity curve is
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Fig. 3 : Powder X-ray diffraction pauerns of (Hg0.9Re0.1)Sr2CuOy(a) and HgSr2(Cu0.9Re0.1)Oy(b).

shown in the inset. The superconductingvolume HgSr2(CU0.gRe0.1)Oy

fractions at 5 K estimated from the ZFC curve o.0o
were 1.8% and 9.5% for (Hg0.9Re0.1)Sr2CuOy

and HgSr2(Cu0.9Re0.1)Oy, respectively. -0.02

Corresponding to this low superconducting _-0.04
volume fraction, resistivity showedonly a small
drop at 70 K and did not show zero resistivity "_-0.06

down to 4.2 K for the both samples, as was in -0.08
the case of the Mo-substitutedsystem.

-0.10
0 20 40 60 80 100

3.2 Hg(Sr)1212 compounds T / K
It was found that the simultaneous Y Fig. 4 : Susceptibility and resistivitycurvesof

substitution of the Ca site was necessary to HgSr2(Cu0.9Re0.1)Oy.

stabilize the Cr- or Mo-doped 1212. Figure. 5 shows x ray diffraction patterns of

(Hg0.7M0.3)Sr2(Cal-xYx) Cu2Oyfor x=0-1.0. While the Y-free sample(x=0) did not contain any
trace, the amount of the Hg1212phase increasedwith increasingx up to 0.3 and the samples in the x

range of 0.35.x<0.7were found to be of nearly single phase. Variationsof lattice parameters,a0 and

co, with x are shown in Fig. 6. In the x range of x<0.7, a0 increases while co decreases with

increasing x.

Samples with x=0.1-0.9 showed superconductivityin the ZFC susceptibilitymeasurements

as shown in Fig. 7. The inset shows its blow-up around Tc. The variation of Tc(onset), and

superconducting volume fraction at 5 K estimated from the ZFC magnetization with x are

summarized in Fig. 8. The highest Tc(onset), 96K, was observed for the sample with x=0.3, and

decreasedwith increasingx. Only the samplewith x=0.3exhibitedalmost thefull volumefractionat
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Fig. 5 : Powder X-ray diffractionpatterns of (Hg0.7Mo0.3) Fig. 6 : Variation in tetmgonal lattice parameters of
Sr2(Cal-xYx)Cu2Oy as a function of Y content x. (Hg0.7Mo0.3)Sr2(Cal-xYx)Cu2Oy as a function
Open circles indicate diffraction peaksof the main of Y doping.
phase with the Hg1212 structure.
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Fig. 7 : ZFC susceptibilitycurves of (Hg0.7Mo0.3)Sr2 Fig. 8 : Tc(onset). superconductingvolume fraction
(C.al.xYx)Cu2OytakenunderH=I00e. andirreversibletemperature(H=10 Oc) of

(Hg0.TMO0.3)Sr2(Cal-xYx)Cu2Oy.

5 K, while other samples showedweaker diamagnetism.In the resistivity measurement, this _ample

with x---0.3showed To(onset)at 95 K and zero resistance at 73 K.
In Fig. 8, we also plot the irreversibletemperature,_rr, determinedfrom the splittingpoint
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Fig.9 :PowderX-raydiffractionpatternsofRe-dopedHgI212samples.Hg-sitesubstitution(a)andCu-site
substitutionCo).

ofZFC andFC curvestakenunderthemagneticfieldofH=I0 Oe.ItisnoteworthythatTirr

drasticallydecreases with increasingx. In thecase of the Bi2212superconductor,it has been recently
shown that Tin-varies strongly as a function of carrier doping, namely, Tirr is lower as the sample is

less hole-carrierdoped [7]. By analogy,it is consideredthat the sampleswith x>0.3 are in the under-

doping state, because the Y substitutionfor Ca is expected to result in a decrease in the hole carrier

concentration. The variations of lattice parameters a0 and co with x are quite consistent with this

picture.
The simultaneous Re and Y substitutions were also found to be effective to stabilize the

Hgl212-structure in both (Hgl.xRex)Sr2(Cal_x'Yx')Cu2Oyand HgSr2(Cal-x'Yx')(Cu2.xRex)Oy.A Y-
free sample, x'=0, was composedof mixed phases of Hg1212, Hgl201 and other impurity phases.

On the other hand, samples with x=0.2 and x'_>0.3were obtained as Hg1212 single phase, as shown

in Figs. 9(a) and (b). Lattice parameters, a0 and co, were 3.818/_and 11.879/k,nearly same in these

two samples. Their temperature dependence of resistivity are shown in Fig. 10. Both show

Tc(onset)'s at approximately 100K and zeroresistance at about 83 K. In contrast, the Y-free sample

(x'=0) did not show zero resistivity down to 4.2 K.

3.3 Hg(Sr)1223 compounds

By using the conventionalquartz ampoule method, we have tried to synthesize a number of

samples with nominal compositions of Hg1223 and 1234 with and without chemical doping.

However, we havenot been successful to detect any diffractionpeaksfor thesephases. Alternatively,
we have recently started high pressure synthesis using a cubic-anviltype apparatus.Figure 11 shows
the x-ray diffraction pattern for one of the successfullyprepared samples, (Hg0.7Cr0.3)Sr2Ca2Cu3

Oy. The calculated lattice parameters were a0=3.859/_, and c0=15.069/_, clearly exhibiting the
formation of almost pure Hg1223phase. The ZFC susceptibilitysignalreached over 150%(due to
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Fig. 10 ".Resistivitycurves of Re-doped Hg1212 Fig. 11 :X-ray diffractionpatternof high-pressuresynthesized
samples. (Hg0.7Cr0.3)Sr2Ca2Cu3Oy.

the demagnetization effect). However, Tc of this

sample was only 59 K.

In Fig. 12, the lattice parameters of , , 16.0

(Hg0.7Cr0.3)Sr2Can-tCunOy for n=1-3, are /,_
plotted as a functionof n. It must be noted that the

1201 sample was synthesized by the quartz la.0_,_

ampoule method, while the 1212 and 1223 >"

samples could be prepared only under high 8.0

pressure- The increase °f c0, in unit °f ~3"2 A, 3.iI l

corresponds well to the thickness of CaCuO2 .< ..__-o-------o
layer. On the other hand, we have found that a0 is _ 3.85 o--"

slightly increasing with n. This is rather 3.
I I I

inconsistent with the behaviorin the HgBa2Can- 0 1 2 3 4
1CunOy system [1-4] where the decrease of a0 n

with n has been reported. We interpret the Fig. 12: Variation of lattice parametersas a function of n

tendency in Fig.12 is due to the low carrier doping in (Hg0.7Cr0.3)Sr2Can_1CunOy.

state of our samples prepared by high pressure technique and this has lead to the observed
unexpectedlylow Tc of our 1223compound.

4. Discussion

Table 1 summarizes a list of the newly discovered Hg(Sr)-basedcompounds in the present

study, including Hg(Cr)1201 reported in the previous publication [5]. The optimum range of the
doping composition, x, and Tc should be regarded as approximate values, since we have not
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Table 1: Listof Ba-free Hg-basedsuperconductorsdiscovered

in the present studyand in theprevious publication[5].

composition optimal range Tc/K

(Hgl_xCrx)Sr2CuOy 0.3<x _<0.4 -60

(Hgl_xMox)Sr2CuOy 0.1< x -<0.7 -60

HgSr2(CUl_xRex)Oy 0.05-<x'<l.0 -70

(Hg0.7Cr0.3)Sr2(Cal_x,Yx,)Cu2Oy 0.5< x__l.0 n.s.

(Hg0.7Mo0.3)Sr2(Cal_x,Yx,)Cu2Oy 0.5< x'<l.0 -95

HgSr2(Cal_x,Yx,)(Cu1.8Re0.2)Oy 0.5< x'<l.0 -100

(Hg0.7Cr0.3)Sr2Ca2Cu3Oy -59

attempted the post-annealing effect of these samples under various conditions. In addition, many

samples have not shown the zero resistivity and full diamagnetism at the present stage. However, it

is evident that, irrespective of the dopant M, the optimized 1201 compounds exhibit Tc at around

60-70 K and the 1212 compounds show Tc at 95-100 K. We also believe that Tc of the 1223

compounds should exceed well over 100 K. These observations support again the universal feature

of the layered cuprate superconductors in "thatthe number of the CuO2 sheets in the unit cell is the

most important parameter in determining the maximum attainable Tc of a given family of HTSC

compounds.

Regarding the site selection of the dopants, it is quite clear from the X-ray analysis that Cr and

Mo can be substituted on the Hg site. However, the Re substitution site in both 1201 and 1212

samples is not clear yet. The relatively lower doping composition of Re for effective stabilization of

the structure as well as the smaller ionic radius of the Re ion compared to Cr and Mo suggest that the

substitution site of Re is the Cu site. Further optimization of the superconducting properties and

identification of the doping site and detailed structural analysis using neutron diffraction are under

progress.

In summary, we have synthesized 70 K and 100 K-class new Ba-free Hg-based

supercondctors; (Hg,M)Sr2CuOy and (Hg,M)Sr2(Ca,Y)Cu2Oy (M=Cr, Mo or Re). Cr- and Mo-

doping for the Hg site and Y-doping for the Ca site were found to be effective to stabilize the

Hg(Sr)1201 and 1212 crystal structures. We also found that the Re-doping was effective in

stabilization at the lower doping level, while the Re substitution site has not been identified. Finally,

Cr-stabilized 1223 compound, (Hg0.7Cr0.3)Sr2Ca2Cu3Oy, has been obtained as a single phase
sample by the high-pressure technique, although Tc (=59 K) of the 1223 phase has not been fully

optimized.
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A New Series of Oxycarbonate Superconductors
(Cu0.5C 0.5)m Bam+1Can-1 Cu nO2(m +n)+l

E. Takayama-Muromachi,T. Kawashima andY. Matsui,
NationalInstitutefor Researchin InorganicMaterials,

1-1 Namiki,Tsukuba,Ibaraki,305 Japan.

We found a new series of oxycarbonatesuperconductors in the Ba-Ca-
Cu-C-O system under high pressure of 5 GPa. Their ideal formula is
(Cu0.5C0.5)mBam+lCan-lCunO2(m+n)+l ((Cu,C)-m(m+l)(n-1)n). Thus
far, n--3, 4 members of the m=l series, (Cu,C)-1223 and (Cu,C)-1234,
have been prepared in bulk while n=4, 5 members, (Cu,C)-2334 and
(Cu,C)-2345, have been prepared for the m=2 series. (Cu,C)-1223
shows superconductivity below 67 K while Tc's of other compounds are
above 110 K. In particular, (Cu,C)-1234 has the highest Tc of 117 K.

1. Introduction

Since the first discovery of the superconductor including carbon,
(Ba,Sr)2(Cu,C)2Oy by Kinoshita and Yamada [1], various kinds of
oxycarbonate superconductors have been reported; for instance,
oxycarbonates based on the 123-type structure (e.g.,
(Y,Sr)Sr2(C,Cu)Cu2Oy [2] ), Bi-oxycarbonates (e.g., Bi2Sr4Cu2CO3Oy
[3]), TI-oxycarbonates (e.g., TI(Sr, Ba)4Cu2CO3Oy [4]) and Hg-
oxycarbonates (e.g., HgBa2Sr2Cu2CO3Oy [5]). These compounds have
structures closely related to the mother superconductors, 123, Bi-2223,
T1-1223and Hg-1223, respectively.

In this report, we discuss a new series of oxycarbonate
superconductors, (Cu0.5C0.5)mBam+lCan-lCunO2(m+n)+l ((Cu,C)-
m(m+l)(n-1)n) which are stable only under high pressure. The m=l
series of compounds have structures closely related to those of Hg(or TI)-
12(n-1)n [6]. The Hg (TI) site is replaced by mixed atom of Cu and C in
this series. The m=2 series have unique structures where three Ba
planes are stacked in a charge reservoir block separated by the (Cu,C)
ones [7].

Thus far, n=3,4 members of the m=l series and n=4,5 members of the
m=2 series have been prepared in bulk [6-7]. The highest Tc, 117 K was
observed in (Cu,C)-1234 [6].

2. (Cu,C)-12(n-1)n series

The m=l series of superconductors have been prepared under 5 GPa
and 1200° C by using Ag20 as an oxidizing agent [6]. In Fig. 1, crystal
structures of the m=l series are shown for n=3 and 4. These structures
are closely related to those of Hg(orTI)-12(n-1)n, n=3 and 4, respectively.
Three and four CuO2 planes are stacked separated by the Ca planes.
The Hg(or TI) site is replaced by the (Cu,C) mixed atoms. The interesting
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Fig.1. Structuresof (Cu,C)-12(n-1)n [6].

a) Okl b) hOI

Figs.2 (a,b). Electron diffractionpatternsof (Cu,C)-1234.
Indexesare given basedon the orthorhombicsuperlattice.
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Figs.3 (a,b) Lattice images of (Cu,C)-1234.
a) projectedalong [100] b) along [010]
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feature of the present compounds is ordering between Cu and C in the
(Cu,C) plane between the Ba ones; they are placed alternatively along a
the a-axis. This results in a superstructure having as=2a, bs=b, Cs=2C
with respect to a tetragonal subcell, a, b, c.

This Cu-C ordering was confirmed by electron microscopic
observation. As an example, Figs. 2(a,b) show Okl and hOI electron
diffraction patterns of (Cu,C)-1234. The patterns are compatible with the
above-mentioned superstructure with the space group Bmmm. Figures
3(a,b) indicate lattice images of (Cu,C)-1234 corresponding to the
diffraction patterns in Figs. 2(a,b), respectively. The (Cu,C) plane
between the Ba ones consists of two types of dots in Fig. 3(b); dark and
less dark dots are placed alternatively indicating the ordered
arrangement, -Cu-C-Cu-C along the a-axis. The adjacent (Cu,C)
planes have a different phase with respect to the Cu-C sequence, C-Cu-
C-Cu, which causes 2c periodicity. Shimakawa et al. analyzed the
structure of (Cu,C)-1234 by neutron powder diffraction and suggested
that the Cu/C ratio in the (Cu,C) plane is not exactly 0.5/0.5 but 0.68/0.32
[8]. The partial substitution of Cu for C or mutual substitution between
them in the (Cu,C) plane might occur in the present series of compounds.
In addition, EPMA measurement indicated that significant substitution of
Ca for the Ba site occurs in (Cu,C)-1234[6].

In Fig. 4. DC magnetic susceptibility data are shown for (Cu,C)-1223
and 1234. The (Cu,C)-1223 phase becomes superconducting below 67
k while the (Cu,C)-1234 phase below 117 K. Kumakura et al. determined
critical current densities and irreversibility fields for (Cu,C)-1223 and
1234 [9]. According to them, temperature dependencies of Jc's in a
magnetic field are much smaller than that of Hg-1223 in the m=l series
of compounds. Moreover, the slopes of irreversibility lines for them are
steeper than that of Hg-1223.

3. (Cu,C)-23(n-1)n series

The m=2 series of compounds have been prepared under 5 GPa and
1250° C using Ag20 as an oxidizing agent [7]. Crystal structures of the
m=2 series are shown in Fig. 5 for n=4,5. This series have unique
structures where three Ba-planes are stacked in a charge reservoir block
separated by the (Cu,C) planes. The Cu-C ordering in the (Cu,C) plane
was confirmed by the electron microscopic observation as well as in the
n=l series [7]. The phase of the Cu-C-Cu-C sequence is the same in
every (Cu,C) plane in contrast to the m=l series which results in a
superstructure, as=2a, bs=b, Cs=Cwith respect to a tetragonalsubcell, a,
b, c. The m=2 series of compounds are the first examples which include
three Ba planes in a charge reservoir block. This type of block seems
unstable because of highly active Ba ions. In the structures in Fig. 5,
every Ba ion is bounded to at least one CO3 group. This seems key
factor to stabilize the Ba ion.

It is more difficult to prepare the m-2 series than m=l series of
compounds. At the present stage, a pretty good sample have been
obtained for the n=4 member but the n=5 member was prepared only as
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Fig. 4. DC susceptibility data for (Cu,C)-12(n-1)n [6].

Fig. 5. Structuresof (Cu,C)-23(n-1)n[7].
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Fig. 6. DC susceptibility data for (Cu,C)-23(n-1)n [7].

| I

24 "'-
3.865

22 2334or.," 3.860 • 1223 22,45

20 ..." .,_ 3.855

18 /"12_u 3.845
16 _1_.3 3.840I I I I

4 5 6 7 4 5 6 7
k k

Fig. 7. Lattice parametersof (Cu,C)-m(m+l)(n-1)n[7].
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mixture with the n=4 one [7]. Figure 6 shows DC magnetic susceptibility
data for (Cu,C)-2334 and the mixture of (Cu,C)-2334 and 2345 [7]. Both
samples show diamagnetic susceptibility below 113 K indicating that Tc
of (Cu,C)-2334 is 113 K. Although we can not determine Tc of (Cu,C)-
2345 definitely, it is suggested to be near 110 k since the mixture of
(Cu,C)-2334 and 2345 indicated larger diamagnetic susceptibility at 5 K
(see Fig. 6).

Lattice parameters of tetragonal subcells of (Cu,C)-m(m+l)(n-1)n are
plotted in Fig. 7 against k, sum of (Cu,C) and Cu planes in a unit formula.
The c-dimensions of the 23(n-1)n deviate upward from the straight line
obtained for the 12(n-1)nseries. This is probably due to larger number of
Ba planes included in a subcell of (Cu,C)-23(n-1)n than in (Cu,C)-12(n-
1)n. The a-axis of (Cu,C)-23(n-1)nalso changes in a different manner as
a function of k; it tends to increase with k while that of (Cu,C)-12(n-1)n
decreases with k.
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High Pressure Synthesis and Magnetic Studies of Quasi One

Dimensional Systems Sr. 1 Cu,l O_ (n = 3, 5)
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Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611, Japan
and

K. Ishida and Y. Kitaoka

Department of Material Physics, Faculty of Engineering Science,

Osaka University, Toyonaka, Osaka-fu 560, Japan

ABSTRACT

SrCu203 and Sr2Cu30 s containing two-leg and three-leg S = 1/2

ladders made of antiferromagnetic Cu-O-Cu linear bonds,

respectively, were synthesized at high pressure, and their

crystallographic and magnetic properties were investigated. Both

susceptibility and T1 data of NMR revealed the existence of a large

spin gap only for SrC_O 3. Superconductivity, which had been

predicted theoretically for carrier-doped SrCt h 03 could not be realized

although partial substitution of La 3. for Sr2. seemed to be carried

out successfully. Electron carriers injected seems to remain localized.

INTRODUCTION

Sr_l Cu_10_._ (n = 3, 5, 7...) is a homologous series of high pressure phases in

which CuriO:. sheets alternate with Sr_l sheets along the c axes of their

orthorhombic cells [1] as shown for the first two members SrCth.O 3 and Sr2Cu30 s

in Fig.1. Figure 2 specifically shows a Cu_O2" sheet which can be obtained by

shearing a regular CuO 2 sheet so that zigzag chains form periodically. In other

words, the CuO 2 sheet is cut into strips (ladders) of(n+l)/2, a in width, each containing

(n+l)/2 Cu ions in its width, and these strips are connected again so that the Cu

ions share oxygen edges at the interface. In each strip strong antiferromagnetic
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Occurrence of singlet superconductivity has thus been stressed. In contrast,

phases with n = 5, 9, 14.. would have gapless ground states. The difference comes

from whether we have an even or odd number of Cu ions in the width of a strip

which they called a spin ladder with (11-1)/2rungs and (n+1)/2 legs.

In order to find out new quantum spin systems exhibiting interesting physics

including high Tc superconductivity, we have carefully synthesized by a using high

pressure technique the first two compounds with n = 3 (Sr2Cu406 or SrCu203) and

n = 5 (Sr4Cu6Olo or Sr2Cu30 s) containing 2- and 3-leg ladders, respectively. To be

reported here briefly are the results of magnetic susceptibility measurements

revealing the presence of a large spin gap for SrCu20 s and gapless behavior of

Sr2Cu30 s, which have been supported by _Cu NMR measurements. Partial

substitution of La3. for Sr_ was also attempted in order to dope SrCu203 with

electrons and make it superconducting. Lattice parameters were changed

systematically by the substitution, but no trace of superconductivity was observed.

SAMPLE PREPARATION

Polycrystalline samples were prepared from mixtures ofSrCuO_ (the ambient

pressure form), La203 and CuO in a cubic anvil type high pressure apparatus [3].

Synthesis conditions were 4.5 GPa at 1373 K and 3 GPa at 1323 K for SrCu203

and SrgCu30s, respectively. Samples were characterized by Powder X-ray diffraction

(XRD), electron diffraction (ED) and high-resolution electron michroscopy (HREM,

JEM-2000EX).

RESULTS

Figure 3 shows the HREM images and the corresponding ED patterns of

Sr2Cu3Os, in which its in-plane structure as illustrated in Fig. 2 can be seen. Two

kinds of black dots are identified clearly; the large one is a Sr atom and the small

one a Cu atom. In further detail, two different crystallographic sites are seen for

Cu; one located on the first and the third legs of the ladders and the other on the

second leg.

Figure 4 shows powder XRD patterns of SrCu_O3 and Sr2Cu305. All the

intense peaks could be indexed assuming the orthorhombic cells of a=3.930A,

b=11.560._, c=3.492._ and a=3.932._, b=19.411,_, c=3.462._, respectively.
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interactions should work through the linear Cu-O-Cu bond stretched along the a

and c axes, while the interactions via 90° Cu-O-Cu bonds across the interface

must be much weaker, may even be ferromagnetic [2]. Moreover, the shearing

causes spin frustration by symmetry at the interface [1]. Thus, a quasi-lD S =

1/2 ladders with almost homogeneous intraladder antiferromagnetic interactions

are realized for small-n phases and a dimensional crossover to 2D is expected with

increasing n value.

(a) (b)

O:Sr e:Cu

Fig. 1 Schematically illustrated structures of SrCu203 (a) and Sr2Cu30 s
i I I I j I i

I ! I_ , ,

_ __ - Recently Rice et al. [2]

i

_. investigated theoretically

the

_- -- nature of the ground states of

- , _-)-- these compounds and concluded

_ , __/_(_ _ _.e_______ that the stoichiometric

_) compounds with n = 3, 7, 11...
I >--

would be frustrated quantum
a i" v _" 3" ' '

t ' I antiferromagnets with spin--_- b (n+l)/2-1egladder liquid ground states and that the

Fig. 2 Schematic drawings of the Cu.,102n spin gap would remain ai_r
sheet of Sr,_1Cu,.10 _. The filled circles are light doping with holes.
Cu 9+ions, and 02 ions exist at the corners of
the squares drawn with solid lines.
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Fig. 3 High resolution electron microscopic image and the corresponding Electron
diffraction patterns (inset) of Sr2Cu30s.

(a) SrCu203o
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C=3.492
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(b) : Sr2Cu30s

a=3.932
.-_ b=l 9,411
C
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m
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Fig. 4 Powder X-ray diffraction patterns of SrCu203 (a) and Sr2Cu305 (b).
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E
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Temperature (K)

Fig.5 Temperature dependence of magnetic susceptibility of SrCu20 s
after substraction of the Curie component and the small orbital
contribution. Solid line stands for the calculated susceptibility assuming
a spin gap of 420 K using an equation X(7) _ T m exp( - A / T ) given in
re{'.5.

The temperature dependence of magnetic susceptibility of SrCu203 is

plotted in Fig. 5 after the substraction of a Curie component due to Cu2. ions

made free by lattice imperfections and also a small constant term due to Van Vlec

paramagnetism and ionic diamagnetism [4]. The data are normalized at 1 tool of

Cu for convenience of comparison with Sr2CusOs. The continuous decrease of

susceptibility toward zero over a wide temperature range suggests a large energy

gap in the spin excitation spectrum. According to quite a recent theoretical study

of the 2-leg Heisenberg ladder system, susceptibility is given as a function of

temperature and the magnitude of the spin gap, A, with an equation

x(T) _ T _ • exp(-A/ 7),

if the intraladder interaction is homogenous and if the continuum of the first excited

states has a parabolic dispersion [5]. We have performed the fitting of the obtained

susceptibility data as shown in Fig. 5 with the solid line and obtained A = 420 K.

Figure 6 shows the temperature dependence of Curie-term substracted

susceptibility of Sr2CusOs. The susceptibility continuously decreases with
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decreasing temperature but remains at a large finite value of about 3.5x10 s

emu/mol Cu at 0 K in contrast to the case of SrCu20 _. This suggests that the

3-leg ladders in Sr2Cu30s have a gapless spin excitation spectrum as expected

theoretically.
1

.-..., St2 Cu305 ,_%_,__o

_0.5

0o 16o 2oo 3oo 460 soo 660
Temperature (K)

Fig. 6 Temperature dependence of magnetic susceptibility of Sr2Cu30s
after substruction of the Curie component from the raw data. In contrast
with the case of SrCu203 , a relatively large susceptibility remains at the
lowest temperature after the correction.

A microscopic investigation by means of 63Cu NMR also has revealed the

existence of a spin gap in SrCthO316]. A very sharp peak appeared and the Knight

shit_ varied with temperature in parallel with X- Interestingly, however, the

Arrhenius plot of TI data has shown that the spin gap is 680 K as shown in Fig. 7.

Fitting the T, data to a refined theoretical equation [5],

1/7'1 oc (0.80908-1n(0.003/T)- exp(-A / T)

gives almost the same value of 700 K. Theoretically the spin gap is calculated to

be about J/2 [2,5]. Although the accurate value of the intraladder antiferromagnetic

exchange J is not known, it would be about 1300 K as judged from the resemblance

of the ladder to the usual CuO2 sheet with respect to the linear Cu-O-Cu bond

configuration. So, the magnitude of spin gap obtained from the T_ data is in

quantitative agreement with the theoretical estimation, while the gap estimated
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by the susceptibility measurement is considerably smaller than the expectation.

The reason is not clear at the present stage.

' ,Tm' J ' ' /' _ ' Following Rice et al.'s conjecture.,, v_, /

,o0, So o / suggesting the occurrence of

 oo/o /_1o-,, superconductivity in carrier-doped

.lo.21_ ? Srr'" ,-, SrCu203, we attempted to dope
!f.a-6SOK / " "_u2_3 SrCu203 with electmn carriers by

1°o"' 'o.o1')'''oo2T(K substituting La 3. for Sr2+ Lattice
200 parameters of Sr 1.,_LaxCu203are

-700 N plotted in Fig. 8 for the a and c
axes. The length of the c axis

shrinks with the substitution,_ I I z I i I I

0 200 400 while the a-parameter expands,
T (K)

reflecting the electrons being
Fig 7 Temperature dependence of 1/7'1 fitted

added into the antibonding o_2.y:to a refined theoretical equation assuming a
spin gap of 700 K. Inset is the Arrhenius orbitals of the Cu203 sheet.
plot of 7'1of SrCu203 from which the magnitude Unfortunately, however, no trace
of the spin gap is estimated to be 680 K.

of superconductivity was

observed. Injected electrons seemed to be localized randomly.

Srl.xLaxCu203

3.94 3.492

3.938 • "3.491
-.91--- I

3.936- -3.49
<: <

.U} 3.934- -3.489 .U}
x_ o _

_ 6
3.932- o -3.488

)
o

3.93" o --_ -3.487

3.928 3.486o o._2 oh4 o_ o_s ol
X

Fig. 8 Lattice parameters of Sr_._La_Cu203
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INFLUENCEOF CALCIUM ON TRANSPORTPROPERTIES,BAND
SPECTRUM AND SUPERCONDUCTIVITY OF YBa2Cu3Oy AND

YBal.SLao.sCu3Oy.

V.E. Gasumyantsa,E.V.Vladimirskayaa,I.B.Patrinab

astate Technical University, St.Petersburg 195257,Russia
bInstitute of Silicate Chemistry ofRussia Academyof Science, St.Petersburg, 199155,Russia

The comparative investigation of transport phenomena in Yl.xCaxBa2Cu3Oy
(0<x<0.25, 6.96>y>6.87 and 6.73<y<6.53), YlxCaxBalsLao5Cu3Oy (0<x<0.5,
7.12>y>6.96) and YBa2.xLaxCu3Oy(0<x<0.5, 6.95,_;<7.21)_steh_s havebeen carried
out. The temperature dependenciesof resistivityand thermopower have been measured.
It was found that the S(T) dependencies take some additional features with Ca content
increase. The results obtained have been analyzed on the basis of the phenomenological
theory of electron transport in the case of the narrow conductive band. The main
parameters of the band spectrum(the band filling with electrons degree and the total
effective band width) have been determined. The dependencies of these ones from
contents of substituting elements are discussed. Analyzing the results obtained
simultaneously with the tendencies in oxygen content and critical temperature change
we have confirmed the conclusion that the oxygen sublattice disordering has a
determinant effect on band structure parameters and superconductive properties of

YBa2Cu3Oy.The results obtained suggest that Ca gives rise to some peculiarities in
band spectrum of this compound.

I. INTRODUCTION

An important question arising in studies of HTSC-materials is the elucidation of role and
mechanism of influence of different structural elements of unit cell on saxperconductivityand other
properties of these compounds. Influence of non-isovalent substitutions on different properties of

YBa,zCU3Oyare discussed in many papers. The common property of these substitution (in parallel
with critical temperature Te depression) is influence on oxygen content and oxygen sublattice
condition as a whole. The calcium holds a distinctive position amount the substitutingelements.
Whereasother elements increase leads toincrease ofy value (Fe,Co,A1in place of Cu [1-3], La in
place of Ba [4-5]), introductionof Ca decreasesthe one [6-7]. This tendencyretainsfor additional
substitutionforY by Ca in Y-Ba-Cu-Osystemwith differentdopants (Co-->Cu[8], AI-_Cu [9], La--*
Ba [10]). Furthermore, in these cases the T¢value increaseswhen comparedwith single substitution
samples. However,the questionsof band spectrumstructure,of its parametersdependence on the
samples compositionand of connection of these parametersvalues with superconductiveproperties
are still the open questions. One way to obtain samples with trended composition change. The

analysis of transportphenomenain YBa2Cu3Oyon the basis of ourphenomenologicaltheory [11] has
permitted not only to account for all the specific features of temperatureand concentration
dependenciesof transportcoefficientsbutalso to describequantitativelytheir behavioras well as to
determinethe conductiveband parametersvalues. As a result,we were able to follow the band
spectrum transformation with oxygen content change in YBa2Cu3Oy [I1] and with iso- and non-
isovalent substitutionfor different componentsof unit cell ofthis HTSC and to observethe correlation
between band spectrum change and Te value change [12-13]. In this paper we use our model for
investigation of Ca influence on transport properties in normal phase and band spectnma
transformation character in the systemY-Ba-Cu-O.

2. SAMPLESAND EXPERIMENTDETAILS

The ceramic samples investigatedwere prepared from high purityY, La and Cu oxides and Ba
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and Ca carbonatesby standardsolid-statereactionfor the YBa2Cu3Oy compounds. The pellets were
annealed in air three times with intermediateregrindingat temperatureT=920-950°C. Then the
sampleswere cooled slowly and were annealedin flowing oxygenat T=450°C,attendedslow cooling
to roomtemperature.Loweringof the oxygencontentin the samplesYl.xCaxBa2Cu3Oywas achieved
by annealing at T=450°C that was followed by quenchingto roomtemperature.The oxygen content
was determinedby the iodometrictitrationmethod accurateto i-0.01-0.02. The X-ray analysis has
revealedall the samples studiedto be single phase.

The temperature dependenciesof the resistivity,o(T), and that of the thermopowcr, S(T), were
measuredover the temperaturerange T=Tc-300K.The resistivitywas measured by the standartac
four probe method with frequencyand phase selection of the measurementchannel. The absolute
value of thermopowerwas determinedwith respect to copperelectrodesand then correctedfor the
absolutevalue of the thermopowerof copper.The temperaturedifferenceduring the S measurements
was 1-2K and was measuredwith a differentialcopper-constantanthermocouplc.

3. RESULTS AND DISCUSSION

The values of oxygen content, the superconductingtransition parameters and the values of
thermopower at T=300K for all the samples investigated are shown in Tables 1-3. First of all, we
discuss results for series 1 and 2 with single substitution.The behaviorof p and S in normalphase
has certainspecific featuresalready descn_oedin literature.The dependencep(T) is linear within a
wide temperaturerange. The main featuresof thermopowerare the weak dependenciesS(T) within
the wide temperature range and the smooth maximum of S(T) observed at low temperatures.
However,the influenceof dopantcontentincreaseon S(T) transformationis differentfor Ca and La.
The value of S is practical constant with Ca content increase, whereas La increasing leads to
significant growth of thermopower. In both cases the maximum of S(T) is shifted to higher
temperatureswith x (see. Fig.l, Fig.2). The Tovalue decreaseswith dopant contentincrease in both
series (see Table 1).

Table 1.
The oxygencontent,parametersof superconductivetransitionand thermopowerin single-substiturted
samples.

x y Tom,K ToO,K S(300K), _V/K

Y,.xCa_a2Cu30y

0.000 6.96 92.3 90.7 -0.63

0.025 6.95 91.5 86.8 -1.48

0.050 6.93 88.2 83.3 -1.18

0.100 6.91 83.3 71.9 -1.14

0.150 6.90 79.0 71.5 -1.29

0.200 6.89 78.2 66.6 -1.24

wa2. A,ca3Oy
0.00 6.95 88.2 85.4 0.78

0.05 6.98 89.8 88.8 1.12

O.10 6.99 90.2 89.5 6.32

0.20 7.03 91.5 86.9 7.67

0.30 7.10 84.2 76.8 16.63

0.40 7.14 73.3 64.2 26.35

0.50 7.21 55.7 49.7 33.98
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Fig.2. The thermopowervs. temperaturefor Yl.xCaxBa2Cu3Oy

The results obtainedhavebeen analyzedon the basis of narrow-bandmodel. This model assumes
the transfer of charge carriersalong the band whose width is much less than in usual metals or
semiconductors(comparableto the koTvalue). The chargecarriesconcentrationis believed to remain
constantwith temperaturechangeand is determinedby the band filling degreewith electronsF. This
parameteris equalto the ratioof the numbersof electronsto the numbersof states in the band. The F
value determines the value and the sign of the thermopower in the region of high temperatures
whenS=const(T)according with the formula:

S k° In F (z)
e 1-F'

Thus, changes of F (and correspondingly,S(300K)) occurring with the deviations from the

YBa2Cu3Oystoichiometriccontent(oxygendeficit increase,dopingwith variouselements) results in
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changing of the conduction band parameters and the number of carriers in the band. In Ref. [11] we
have shown that for describing temperature dependencies in the whole temperature range we can use
the simplest approximation of density of states D(E) and differential conductivity g(E) functions as
rectangles with different widths. In this case we can obtain the analytic expressions for temperature
dependencies of the transport coefficients. As this take place, contrary to resistivity and Hall
coefficient the thermopower may be calculated to absolutevalue:

= ...... • B" (2)
e e_"+ e-W_ '

sh(F. W_o) ,
where: Ig" =-,U/ koT = lnsh( (l_F). W_D)

_t is the chemical potential, WD*-WD/2koT,Wcr*-Wog2koT,WD is the total effective band width

(the width of D(E) rectangle) and W_ is effectivewidth of the conductivestates interval (the width of
c(E) rectangle).

The Wcr and WD values are different. This may be due to a different nature of energy
dependencies of the density of states (DOS) and the differential conductivity functions, as well as to
the probable localization of the states near the band edge causedby a disordering in the lattice. In the

case of YBa2Cu3Oy with y=7 the Fermi level EF is situated in the middle of the band near the
maximum of the DOS function. In this case F=0.5 and energy parameters of the band WD=70-90meV
and Wcr=30-40meV [I 1]. With the oxygen content y decreasing the number of charge carriers (holes)
decreases (the F value increases) which leads to the EF displacement from the middle Ofthe band (the
DOS function maximum) to its upper edge. Also, the oxygen deficit increase is accompanied by the
increase of the oxygen vacancy disordering in the lattice. According to Anderson's theory [14], this
leads to the localized states share increase (in our model this corresponds to the Wcr/WD-ratio
decrease). The total band width increases in this case which causes the general drop of the DOS
including D(EF).As result of this the Tevalue decreases.

F Wo,meV
0.56 300

0.54 200

0.52 100

0.50 0
0 0.1 0.2 0.8 0.4 0.5

][

Fig.3. Thebandparametersvs. Lacontentin YBa_.x.LaxCu3Oy

Preparatorytodiscussthe resultsobtainedonthebasisof themodeldescn'bedabove,oneremark
needstobemade.If thebandfilling is closedtohalf, thedetailsof thebandspectrumstructurecould
influencethe S(T) dependenciessignificantly,i.e. the approximationusedbecomesrough.In this
reasonwe haven'tcalculatedthe bandstructureparametersfor Ca-dopedsamplesin which the

54O



S(300K) value is closed to zero and thus F_0.5. In this case we can make only the qualitative
conclusion that the F value is practical constant and the W D value increases with x. As to the La-
doped samples (in which S(300K) value increases significantly with x) the calculmed values of the
main band spectrum parameters are shown in Fig.3. It can be seen that the La content increase leads
to appreciable transformation of the conductiveband.

The results obtained for both series with single substitution may be explained with regard to the
ox-ygensublattice condition change. The La3+ ions substitute for Ba2+ causing O(5) sites to become
filled with oxygen in so doing the oxygen comes from both atmosphere during annealing and from
neighboring cells without La. As a result, the oxygen deficiency arises in cells which don't contain La
atoms. In additional, the total compensation of the excess positive charge don_ttake place, as result
the electrons numlx_ increases (in our terms, tim F value increases). In the case of Ca-dolring the
oxygen content decreases with x, but because Ca2. ions mabstitmey3+ increasing the holes nnmlx'r in
the band, the increase of electrons at the expense of oxygen deficit increase is compensated. As a
result the F value remains constant with Ca content increase. Thus, broadening of the band in both
cases is caused by increasing of oxygen sublattice disordering degree and leads to Te suppression.
Difference of the F(x) dependencies are explained by different relationship between valences of
substituting elements and substitutedones.

Table 2.

The oxygen content, parameters of superconductivetransition and thermopower

in Yl.xCaxBal.sLao.sCU3Oy.

x y Tcm, K Te°, K S(300K), _tV/K

0.0 7.22 36.6 32.0 40.49

0.1 7.19 57.9 51.7 18.98

0.2 7.13 73.0 67.9 19.19

0.3 7.08 80.6 78.9 3.34

0.4 7.01 82.4 80.2 6.19

0.5 6.96 82.5 78.9 4.23

By virtue of the fact that Ca and La influence differentlyon oxygen content, the investigation of
the properties of the sampleswith double substitutions has been of our interest. It is of significance to
study the transport properties of Yl.xCaxBa,2.zLazCu3Oyand to follow the band structure
transformationin tim case of additional substitutionfor Y by Ca with z value fixed when comparing
with single substitution (forBa by La) system. Inthis case the y value decreases with x as with single-
doping by Ca samples (see Table 2). The temperature dependencies of resistivity and thermopower
are shown in Fig.4 and Fig.5, the parameters of superconductive transition are given in Table 2. The
Ca increase leads to decreasing of S(300K) value and increasing of the critical temperature
accompanied by narrowing of superconductive transition and increasing of the slope of p('l')
dependencies. The p(T) dependencies arelinear except the start sample with x=0.

The following fact has engaged our attention. Whereas the p(T) dependencies are similar to the
typical ones for Y-Ba-Cu-O system, the dependencies S(T) are modified with Ca content not quite

usually. ASknown for the dependenciesS(T) in YBa2Cu3Oywith various oxygen content or different
cations substitutions, the slope of S(T) gradually decreases with temperature in the regionabove S(T)
maximum. In case of slight variations from stoichiometty the value of S is almost constant at the
temperature range near T=300K. As illustrated in Fig.5, in the samples doped with Ca the
conservationof well-pronouncedmaximtun is accompanied by showing up of region of linear S
decreasing with T above the temperature of this maximum_This suggests the dopingwith Ca to result
in additional peculiarities appearance in band spectrum of YBa2Cu3Oy.

For explanation the S(T) dependenciesobtainedwe have used additional assumption about slight
asymmetry of the conductive band. Taking into account this fact is effected by introduction some
distance (b.WD,where b is asynunetry parameter)between centers rectangles D(E) and or(E). In this
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case in formula for thermopower(2) instead of _twe mt_ use now (_t-b.WD).The good agreement
between the calculated and experimental dependenciesof S(T) is demonstratedin Fig.5.
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Fig.4. The resistivity vs. temperaturein Yl.xCaxBal.sLao.sCU3Oy
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Fig.5. The thermopowervs. tempe_tur¢in Yl._CazBal.sLao.sCU3Oy

The concentration dependencies ofband structure parameterscalculated are shown in Fig.6. It can
be seen that the Ca content increase causes the total effectiveband width decreasing and reducing of
F value with the slope of the WD(X)and F(x) dependenciesdecreasing with x value. Thus, the trends
in band spectrum parameters changing (and simultaneously in Tovalue changing) are opposite to the
ones observed in the systems with single substitutious described above. Nevertheless, two facts have
engaged our attention. In the first place, the relation between critical temperature and band spectrum
parameters is the same as in single substituted Systems.It is tobe noted that the practical constancy of
Te is accompanied by sligth changing of band parameters (compare Table 2 and Fig.6 for x=0.3-0.5).
And in the second place, the change of all these parameters correlates with oxygen content changing.
These things considered, we can explain the results obtained in the frame of our model. Additional
Ca doping leads to decrease of oxygen content as compared to single substitution and the over-
stoichiometric oxygen escapes from the cell (the y value closes to 7) (see Table 2). As a result the
oxygen sublattice becomesmore ordered which results in narrowing of the band. Simultaneously band
filling degree decreases nearing to half.

Thus, the results obtained confirm the conclusion made earlier (when studying the 3d-metals
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substitutionsfor Cu [12]) aboutthe determinanteffect of oxygen sublatticecondition on band
spectrumparametersand superconductivepropertiesof YBa2CusOy.

F W D,meV
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0 0.1 0.2 0.3 0.4 0.5

X

Fig.6. The band parametersvs. Ca conteut in Yl.xCaxBal.sLao.sCU3Oy.

For more elucidation of Ca influence on band spectrum transformation we have studied the Ca-
doped samples with oxygen deficit (see Table 3). The S(T) dependencies for these samples are shown
in Fig.7. The oxygen annealing gave us the possibilityto obtain data which may be interpreted in the
frame of our model (as indicated by Fig.7 tlm S values increase after annealing, i.e., the band filling
increases and we can use the approximation described above). The features of SO') dependencies
revealed in the double-substitution sampleshold in these ones. Besides of this the Tovalue increases
(see Table 3) and the F value decreases (see Fig.8) with Ca content also. As for the total effective
band width our calculation show that its value remains practical constant 0ND=160-190mev). It is
necessary to note that oxygen deficit in annealed Ca-doped samples increases rather significantly.
According to our conception this fact must cause broadeningof the band. However, ff the assumption
about introduction of additional Ca-states to the band is true, the combination of two effects
(broadeningof band and increasingof peak of Ca-stateswhich is located in the band) can results in
insignificantchange of the WDvalue which is the effectiveband width, i.e., the width of rectangle
approximatingthe D(E) function.It can be noted that the calculatedvalue of b parameterdepends
linearywith Ca content as in the sampleswith double substitutionand the b values forbeth of these
series fall on one trend. This confirmsthe assumptionthat it is the calciumthat causes the rise of
asymmetry of the band introducingadditionalstates.

Table 3.

The oxygencontent,parametersof superconductivetransitionand thermopowerin Yl<CaxBa_CusOy
alter annealing.

x y Tom,K To°,K S(300K), gV/K

0.000 6.73 63.7 61.1 17.8

0.025 6.72 70.8 6"7.9 14.0

0.050 6.70 72.0 69.7 12.4

0.075 6.68 75.1 73.1 13.3

O.100 6.66 80.0 77.3 9.4

O.150 6.58 80.5 74.2 9.3

0.200 6.53 80.9 76.6 8.0
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The increaseof Tc value with x observedin experimentcanbe explainedby two differenteffects.
On the one hand,the bandfilling nearsto half with Ca contentincrease, i.e., the Fermilevel shiRs to
the DOS functionmaximumlocatedin the middleof the bandand this causes the Tc value increase.
On the other hand,the F value decreasingcan be explainedby arisingof the additionalCa-statesin
the upper half of the band. In this case pinning of the Fermi level in the region of Ca-states is
poss_le. As a result the DOS function value at Fermi level (and correspondinglythe Tc value)
decreases.For the final answer the questionaboutmechanism of To increase observedin the Ca-
doped samples the investigationsof the samples with more oxygen deficit (for additional shift of
Fermilevel position in the startsample)is necessary.

4.CONCLUSIONS

In summary,we have performed the investigation of the transportphenomena in Ca-doped
samplesof the YBa2Cu3Oysystemwith differentoxygen contentand substitutionforBa by La. The
restfltsobtained and their analysis on the basis of narrowband model allow to make the following
conclusions.
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I. The Ca doping leads to Tc depression in the case of near stoichiometric content and to
increasing of Tc if Ca is introduced in the samples with significant deviation from stoichiometry due
to oxygen deficit or substitution for Ba.

2. The temperature dependencies of thermopower in Ca-doped samples take some additional
features when compared with typical ones for Y-Ba-Cu-O system.

3. The S(T) dependencies analysis on the basis of narrow band model shows that Ca doping
causes the increasing of asymmetry degree of the conductiveband. The most likely reason of this is
additional Ca-states which are located in the region of the band.

4. The character of the critical temperature change in YBa2Cu3Oywith dopant content increase
correlates with band spectrumparameters change. The possibility of simultaneous explanation of all
the experimental results obtained confirms the validity of using the narrow band model for
interpretation of transport phenomena data in Y-based HTSC.

5. The conclusion about determinant effect of the extent of oxygen subsystem condition on the

band spectrum parameters and critical temperature of YBa2Cu3Oy have been confirmed.
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Structure and Superconductivity in (Bi0.35Cuo.65)Sr2YCu207 and
Related Materials

R.A. Jennings,S.P.Williamsand C. Greaves
SuperconductivityResearchGroup

School of Chemistry
Universityof Birmingham

BirminghamB152TI"
England

The recently reported (Bi/Cu)Sr2YCu207phase has been studied by time of flight
powder neutron diffraction. The proposed 1212 structure has been confLrrnedand
refinementshave shown the oxygen in the (Bi/Cu)O layer is displaced by 0.78/_,from
the ideal (½,½,0) site (P4/mmm space group) along {100}. Bond Valence Sum
calculations have suggested oxidation states of Bi5+ and Cu2+ for the cations in the
(Bi/Cu)O layers. The material is non-superconducting and all attempts to induce
superconductivity have been unsuccessful. Work on the related material
(Ce/Cu)Sr2YCu207has shown the ideal Ce content to be 0.5 Ce per formula unit. The
introduction of Ba (10%) onto the Sr site dramaticallyincreases phase stability and
also induces superconductivity(62K).

546



Introduction

The discovery of high Tc superconductivity in the system T1-Ba-Ca-Cu-O [1] was
quickly followed by the identification[2-8] of two homologous series of phases with
the general nominal formulae TIBa2Can.lCuaO2n.3 (single TIO layers) and
T12Ba2Can.lCunO2,,(double TIO layers) with l_.n<_5. These phases have
superconducting Can._(CuO2)_layersseparatedby rocksalt layers.
Similarly, several bismuth compounds with double BiO layers are known and have
general nominal composition Bi2Sr2Ca_.1Cu_O2,,(1.¢_n<_3)[9,10]. However no similar
materials with a BiO monolayer was known. Recentlya Bi cuprate with composition
(Bio.sCuo.5)Sr2YCu207has been reportedby Ehmannet al [11]. It was claimedthat the
material had the 1212 structure (Figure 1) and so would be the f'n'streported member
of the BiO monolayer series. The 1212 structure was confirmed by several other
groups [12,13]. It should be noted, however, that this material is not strictly
analogous to the T1-1212phase since it containsmixed (Bi/Cu)Olayers.
Alternatively the material can be considered as a 123 (or YBCO) type structure with
1/2 Cul site substituted by Bi. The 1212 and 123 structures are closely related, with
the 4 co-ordinate Cu 'chain' sites in 123 being replaced by approximatelyoctahedrally
co-ordinated metal ions, by movementof the oxygen in the basal plane from the face
edge towards the face centre. The structure generally assumed for the Bi-1212
material is based on X-ray diffractiondata with the basal oxygen confined to the face
centre (lc site). Due to the insensitivityof X-ray diffraction to O atoms in the
presence of heavy metals such as Bi, we have carded out a structural investigation
using time of flight powder neutron diffractionon the material (Bio.35Cuo.65)Sr2YCu207

with the objective of conf'Lrmingthe general structure and obtaining a more detailed
description of the O position in the basalplane.
The material was reported to be non-superconductingas made, but superconductivity
has been achieved usingcertain annealingconditions[11].

Sample Synthesisand Characterisation

High purity Y203, SrCO3, CuO and Bi203were used to make samplesof composition
03ixCu__x)Sr2YCu207for x--0.2-0.5in 0.05 increments. The sampleswere heated in air
at 985°C for 14hrs and then furnace cooled to room temperature. The purity of the
samples was then checked by powder X-ray diffraction(SiemensD5000) with further
heat treatments as required, under the same conditions, until a consistent X-ray
diffractionprof'flewas obtained. It was found that the optimum Bi content for phase
stability was (Bio.35Cuo.65)Sr2YCu2OT, which is in good agreement with the results of
Beales et al [12]. Iodometric titrationsshowedthe oxygencontent to be 7.0
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Resultsand Discussion

Time-of-flight neutron powder diffraction data were collected on
(Bio.35Cuo.65)Sr2YCu207using the diffractometer POLARIS at ISIS, Rutherford
Appleton Laboratory. Data in the range 0.5A<d<2.25A were used for the structural
refinement, using the program TF15LS which is based on the Cambridge
Crystallographic Subroutine Library [15,16]. The space group P4/mmm was adopted
with initial atomic positions based on the idealised 1212 structure proposed by Ehmann
and scattering lengths of Y=0.7750, Bi=0.8533, Sr=0.7020, Cu=0.7718 and 0=0.5805
(all x1012cm).
Early refinements gave high temperature factors for Bi/Cul, O1 and 04 (see Figure 1).
The high temperature factor for the O1 site was consistent with the possible
displacement of the O from the face centre site towards the face edge. The O1 was
therefore allowed to move off this site in the [010] direction. This reduced the
temperature factor and R-factors. However, since the temperature factor was still
higher than expected, anisotropic temperature factors were introduced for this site.
Refinement resulted in a high value for B22 (2.417_ 2) showing that most disorder is
directed along the b-axis. This is not unexpected due to the different co-ordination
preferences of the Bi and Cu cations in the adjacent Bi/Cul site. It has been reported
by Slater and Greaves [14] that in some similar 1212 type phases the O1 site was, in
fact, split into two (O1 and O1'). The structure was therefore refined with two
separate O1 sites, but refinements indicated preferential occupancy of a single site, and
subsequent examination assumed one O1 position with anisotropic thermal parameters.
The introduction of anisotropic temperature factors for 04 resulted in a high B33value
which again is consistent with mixed cation occupancy of the Bi/Cul site. The Bi/Cul
site was also allowed to move in the [010] direction, as had been observed in other
phases, and this produced an acceptable isotropic temperature factor. Results of the
final ref'mement are given in Table 1 and selected bond distances in Table 2.
Basic Bond Valence Sum calculations were carried out on the refined structure to

obtain some insight into the oxidation states of the Cul and Bi. Refinements can
clearly only reflect the average structure and so the results of the calculations must be
viewed with some caution. Considering first the Bi-O polyhedra, since the two Bi-O4
distances are very short and alone suggest a Bi oxidation state of 3.6+, it was therefore
assumed that Bi was present as Bi5+. This is in agreement with Beales who proposed
that chemically stable 1212 phases were generally observed when the average valency
in the rocksalt layer is +3 and so a 2:1 ratio of Cu:Bi would imply Cu2+and Bi5+.
For simplicity the Bi/Cul site was constrained to its original (0,0,0) position as the
displacement of the site appeared to have only a minor effect on the calculations,
compared to that of the O1 displacement. Considering only the displacement of the
O1, the Bi can have either a short or longer bond to O1 depending on whether the O1
is displaced towards (Ola) or away (Olb) from the Bi (Figure 2). Our calculations
have demonstrated that a Bi co-ordination of 6 (with 4 short (Ola) bonds) would be
consistent with an oxidation state of 5+ (Bond Valence Sum=+4.99).
In the absence of a knowledge of the detailed microstructure, even with 4 Bi-Ola
bonds, the Cu stereochemistry cannot be reliably deduced. However, it is clearly
impossible for the Cu to have 3 or 4 short Cu-O1 bonds. The remaining possible
situations give bond valence sums of 1.4 (1 short and 3 long bonds) and 1.63 (2 short
and 2 long bonds). This suggests the possibility that some of the Cu 1 might be present
as Cu 1+linearly co-ordinated to two 04 with 4 longer (3.59/_) Olb bonds not really
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affecting the co-ordination. InterestinglyBVS calculations for the Cu2 site produce a
value of +2.27 which might be consistent with this view but it must be realised that it
could equally indicate simple 'overbonding' at this site [17]. Moreover, the redox
properties of Bi5. and Cu. suggest that their coexistence within the same layer is
improbable. A more likely explanation for this is that the Bi/Cul-O4 bond actually
consists of a shorter Cu-O4 bond and a longer Bi-O4 bond, with the refinement only
showing the average position of the two possible 04 sites. This would be consistent
with the high 04 anisotropic temperature factor, B33,and would result in the true Cu
oxidation state being higher than the valuecalculated.
More recent work focused on the related material (Ce/Cu)Sr2YCu2OT. Using the
guidelines proposed by Beales it was expected that the phase (Ceo.sCuo.5)Sr2YCu207
would be the most stable phase. This was found to be correct although the material
was still not single phase. The material was found to be non superconducting as
expected and Ca doping on the Y site resulted in increased impurity phases with no
change in the superconductingproperties. Smallamounts of Ba doping on the Sr sites
dramatically improved the phase purity, with the ideal composition found to be
(Ceo.sCuo.5)Srl.sBao.2YCu2OT.The introductionof Ba also induced superconductivity
in the material with the highest T¢ observed at 62K although conditions have not yet
been optimized. Further work is focusing on improvingphase purity and Tc in these
materials and we hope to carry out a neutron diffractionstudy in the near future.
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Table 1

Refined structural parameters for Bi0.35Cu0.65Sr2YCu207
Estimated standard deviations are givenin parentheses

iiiiiiiiiiiiiiiiiiiiiijiiiiiiiiii!iiii iijjii U {iiiiiiiiiiii!iiiiiiiiiiiiiiiiiiifliiiiiiiiiiMiiiiii iiiii iiiiiiiiii iiii ii iii iiiiiiii`ii!iiii!iii!i!i i ii!i!iiiiiiiiii!iiiiiiiii`iiiii!iiiiiiii!iiiiiiiiiiii!i!iiiiiii!i!iiiiiiiii!i a iiiiii i
Y ld 0.5 0.5 0.5 0.50(2) 1.0
Sr 2h 0.5 0.5 0.2024(1) 1.00(2) 1.0

Cu2 2_ 0.0 0.0 0.3582(I) 0.31(1) 1.0
Bi 41 0.0 0.0730(7) 0.0 0.81(5) 0.0875

Cul 41 0.0 0.0730(7) 0.0 0.81(5) 0.1625
O1 4n 0.5 0.296(2) 0.0 * 0.25
03 4i 0.5 0.0 0.3764(1) 0.64(2) 1.0
O4 2g 0.0 0.0 0.1603(2) * 1.0

a=b=3.814(1)/_,c=l 1.714(3)/_;P4/mmm
RI=6.0%,Rp=3.54%,R,v=3.47%,tL_,=1.45%

• Anisotropic temperature factors (/_2)
!iiii_!i_iii_i_!i!!i!!i!!illii!_i!_iiii_i_!_iiiiiii_ii!i!i!_i!_!_iii!_i!_iiii_ii_ii_iiiiiiiiii_i!_i!_ii_iiiiiii_i!_iiiiiiii_iii!_iiiii!d
O1 1.8(2) 2.4(2) 1.3(2)I
04 1.40(4) 1.40(4) 1.87(8) I
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Table 2
Selected Bond Distances (]_)

Bi/Cul-Ola 2.216(8)
Bi/Cul-Olb 3.585(8)
Bi/Cu1-O4 1.877(4) [x2]
Cu2-O3 1.919(2) [x4]
Cu2-O4 2.318(3)
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Figure 1.- The basic 1212structure for TIBa2CaCu207.
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Figure 2.- The basal plane of the refined structure showingthe possible positions of the
,

O1 site with respect to the cation marked .All bond lengths in Angstroms
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STRUCTURAL. DYNAMICAL & ELECTRONIC PROPERTIES OF CaCuO 2

by

Bal K. Agrawal and _vltri Agrawal

Physics Department, Allahabad University,
Allahabad aliOO2, INDIA.

The scalar relativistic version of an
accurate first principles full potential
self- consistent linearized muffin tin
orbital (LMTO) method has been employed for
describing the physical properties of the
parent system of the high_Tc oxide
superconductors, i.e., CaCuO2. The presently
employed modified version of the LMTO method
is quite fast and goes beyond the usual
LMTO_ASA method in the sense that it permits
a completely general shape of the potential
and the charge density. Also, in contrast to
LMTO ASA, the present method is also capable
of treating distorted lattice structures
accurately. The calculated values of the
lattice parameters of pure CaCuO2 lie within
3% of the experimentally measured values for
the Sr-doped system Ca(.86)Sr(.14)CuO(2). The
computed electronic structures and the
density of states is quite similar to those
of the other oxide superconductors, except of
their three- dimensional character because of
the presence of strong coupling between the
closely spaced CuO2 layers. The van Hove
singularity peak appears slightly below the
Fermi level and a small concentration of
oxygenation /or/ substitutional doping may
pin it at the Fermi level. The calculated
frequencies for some symmetric frozen phonons
for undoped CaCuO2 are quite near to the
measured data for the St-doped CaCuO2.

I. INTRODUCTION

The present LMTO method is seen to produce
the electronic structure, cohesive energy, lattice
Constants, elastic constants, phonon frequencies,
mode GrOeneisen and strain parameters for the simple
systems like Si, C etc [i]. Very recently, the method
has been successfully applied also for the III-V and
II-VI semiconducting compounds like AIAs, CdTe, GaSh,
ZnSe, ZnTe, ZnS etc [2,3]. The influence of
structural relaxation of the atoms on the
valence-band off-set at the lattice matched
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interfaces of II-VI and III-V semiconductors
ZnTe/GaSb(110) and the lattice mismatched interface
ZnS/ZnSe(001) has been investigated [4]. Very
recently the van Hove singularity scenario and hole
concentrations at different pressures for the
Hg-based oxide superconductors have been investigated
[5].

A compound CaCuO2 is obtained if the number of
cuO2 planes is allowed to increase indefinitely (n ->

). Thus, CaCuO2 is the infinite number of CuO2
layers limit of the above superconductors and is seen
to be insulating [6]. Tc might increase with n. The n
= m material appears to be more difficult to dope.
However, more recently (CaSr)CuO2 has been doped
successfully and an electron type superconductivity
has been seen [7]. In practice, the n = m structure
is not formed with only Ca ion on A site, a material
with some Ca substitution by St,
Ca(0.86)Sr(0.14)CuO(2) has been prepared. The
St-mixed compound is seen to be narrow band
semiconductor. For details of the LMTO method we
refer to the earlier papers [1-4].

II. CALCULATION AND RESULTS

The CaCuO2 structure as shown in Fig.l has a
space group P4/mmm (D4h{i}). The atomic positions in
the unit cell are Cu:(0,0,0);
O(I):(.5a,0,0); O(2):(0,.5a,0); Ca:(.5a,.Sa,.Sc).

For the Sr-doped
sample the experimental

Unit Ce_ Of CaCu_ lattice parameters are
a=3.86 A-and c=3.2 A°.
The bond lengths are
Cu-O(1) = Cu-O(2) =

• CU 1.93 A° and Ca-O(1) =
O 0 Ca-O(2) = 2.50 A°.

Q Ca In the present
calculation, the basis

........ employed for making
expansions of the
products of the LMTO
envelops included
functions with 1 _ 4
and of energies -0.01,

FIG.1 Unit cell for the -1.0 and -2.3 Rydberg
crystal structure and wit_ decays given
of CaCuO2. by k-=-I and -3

Rydberg. The set will
include 50 functions
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for each atomic sphere. The local density potential
of Hedin and Lundquist has been employed. An absolute
convergence to better than 1.5 mRy/atom is obtained
with spd basis of 22 LMTO's/atom for each atom
including O. The number of atoms in unit cell were
taken to be four.

The muffin tin (MT) spheres were chosen to be
slightly smaller than touching and the radii for Cu,
O and Ca were taken as 1.88, 1.64 and 2.99 atomic
units(a.u.), respectively. The states Cu(3d,4s,4p),
O(2s,2p) and Ca(3p,3d,4s) are taken as the valence
band electrons. An empty sphere has been included at
(0,0,.5c) in the calculation.

-0.78 Variati-
VALUATION OF CHY3TAL ENEHGY ons both in

A the lattice

WithY/Te in CaOuOa parameter 'a'--0.74 and the ratio

c/a werei investigated.

-0.75 The results
are shown in
Figs. 2 & 3,

-0.76 .........i...................................... respectively.
0.80 0.88 O.gO 0.96 1.00 1.06 One finds

V//V 0 energyminimum for
a volume of

FIG.2 Variation of crystal energy the unit cell
(mRy) with the ratio of unit V = 0.925 Vo
cell volumes, Vo and V as and c/a =
described in the text. 1.00, where

Vo is the
unit cell

volume fA_ a-0.73!VARIATIONOF CRYSTALEMERGY = 3.86 (in
fact, these

WithC/_ in CaCuOs latticeparameters
-0.74 correspond to

the

experimentaIvalues for
the Sr doped

-0.75 ....._....................... CaCu02). So
0.96 1.00 1.06 1.10 the values of

C/Co a and c are
quite close
to those for

FIG.3 Energy variation with the Sr- doped
interplaner spacing, material. The
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calculated value of 'c' is within 3% of the
experimentalvalue. The calculated value of bulk
modulus is 1.99 Mbar.

The charge transfer from the muffin tin spheres
(i.e.,the differencebetween the atomic number and
charge lying within the MT sphere ) of Cu, O and Ca
are 1.65, 0.56, and 0.62 electron charges,
respectively.The total electron charge per unit cell
outside the MT spheres is 3.39e.

(A) ELECTRONIC STRUCTURE

The calculated band structure along some
symmetry directions is presented in Fig. 4. The
various symmetry points of the Brillouin zone in
units of 2_/a are V(0,0,0); X(.5,0,0); M(.5,.5,.6);
Z(0,0,.6); R(.5,0,.6)and A(.5,.5,.6). As the spacing
between the two successive CuO2 layers is smaller
than the intraplaner Cu-O seperation within the

CuO2, the
bands along
the

CaCu02 c-direction
D_PERS_OMt_TK_E8 show

4.0 ,".-".... . -,."." ". " appreciable
•" "- " " " dispersion• o . . • •

•o.,.%.

_0 .." """ "J"" " although

O.Q ----'.....".----!.....--...._--...._ EF smaller than
.._,_z_..-:._...... .. the-.¢.;-., ..._.-.-_.__-. ._H .O1.Q

,::,-;_!_.,.,.'_---• "....-:....--_0 _-- ...... ..... dispersion
._ " seen within_- _:-:-......:.-..,

-4.0 " ....._........ " _--"_" the x-y plane
• "_::_[:'"I _'_:""_.....[_{"_ (or Cu-O2-6.0 "'-."" ".... "..... ." .......'" layer). The

"'"_'" Fermi level
--0"OF X M F Z B A Z i8 set at

origin of
energy.

FIG.4 Dispersion curvs for the

CaCuO2 system. The lowest11 bands
lying in the

energy interval range of about 9 eV near and below
Fermi level arise mainly from the Cu(3d) and O(2p)
states. This spread (_ 9 eV) of energy bands is
similar to that calculated by Mattheiss and Hamann
[8] and by Singh et al [9] using LAPW method and by
Korotin an Aniscimov [10] using the LMTO-ASA method.
The uppermost band crossing the Fermi level
corresponds to the anti-bonding Cu-d[xZ-y2]:O-p[x,y]
states. The lower parts of the Ca(3d) bands lying
above Fermi level overlap the antibonding
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Cu-3d[x2-y2]:O-2p(x,y)sub-bandsnear F and A
5.0 symmetric points.

_C _ OF SFAT_ In order to

4.0 see the nature of
CaCuO i the dispersion in

_ another plane
shifted in the c -

_ 3.0 direction, we have
also included in

Fig. 4 the2.0 dispersion curves
in the
2n/a[0,0,0.6]

_ 1.0 direction. Thereappear saddle
points at -0.81 eV

0.0 at X point and at
--8.0 --4.0 0.0 4.0 -0.19 eV at R

ENERGY(eV) point. In the
FIG.5 Total electronic DOS. calculation of the

total density of
_J_FRONIC DO8 states (DOS), a

sampling method
3.0 (a)ForCuA_m CaCu_ for196 k points

_ __ .........I _ partinthe irreducibleofthe2.0 Brillouin zone

with a Gaussian
energy broadening

1.0 of 0.002 Ry was
employed. The

calculated DOS for

the self -
consistent

0.0 (b) For O Atom calculation is

_ 1.0 • | _ { shown in Fig. 5.

_ The DOS shows the
main features

which are quite0.0 (G)F_A_ similar to those
_ 1.0 of the other oxide

_ high_Tc cuprates.
! The projected

0.O ........_......;........._._?._..1......_..;:......:- densities at
--8 --6 --4 --2 0 2 4 various atoms have

ENERGY ('_) also been shown inFig. 6. At Fermi
level, the main

FIG.6 Projected DOS for Cu, O contributions
and Ca atoms with s, p & arise from Cu(3d)
d orbitals contribution, and O(2p) states.
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The high
degree of the nesting

Chsz_ol)¢mJdtygfCaCu08 of the Fermi surface is
in (0,-I01)planl likely to give rise to

--0.50 --0.10 0.30 singularities in the
generalizedk-dependent
electronic
susceptibility of the

0.45 0.45 two-dimensional system
and may result in the
electronically-driven
instabilities such as

0.05 1_,_ 0,05 the incommensuratecharge or spin density
%J%X waves.

B. PHONON FREQUENCIES

-0.35 -0.35
The variation of the
internalenergy of the
solid with the various
types of static

--0.10 0.30 deformations in the
smaI1 displacement
limit has been employed

FIG.8 Valence charge dens- for calculating the
ity contors in the frozen phonon
(0,-1,1) plane in frequencies at the
intervals of 0.015 F(k=0)point of the
e/(a.u.) up to a Brillouin zone. In
maximum value of CaCuO2 in all, there

)i0.12 e/(a.u. . are six optical modes
out of which five are
infraredactive and the

remainingsixth mode comprisingof the out of (CuO2)
plane vibrations of oxygen atoms in opposite
direction is silent. The frequencies of
these vibrations alongwith their eigenvectors are
presented in Table I. The frequencies have
been calculatedby determining the harmonic force
constant after fitting the energiesof the distorted
structurefor several amplitudes with a polynomial
containingterms up to third degree. In order to see
the reliabilityof the estimatesof these calculated
values we have also included in the table the
measured values for the St-doped CaCuO2. The
frequenciesfor undoped sample are quite close to the
observedvalues for the St-doped sample except for Eu
mode which involvesthe motion of all the atoms.
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CaCuO
Fa_ml Surface

P X r

(.) _ = o.o
...." ...

s $

I I

M

! t
s l

° 2

'..... /

r(z)(b) k,...._.60_r(z)IOQQ_I /
• %

: %e
l l

I IA I R
i I

|
I |

, % :

• °eQ°qII i I I_°l°l •

!

Z R Z

FIG.9 Cross-sections of the Fermi surface in the
extended Brillouim zone scheme in two planes
(a) k_ = 0.0 and (b) k= = 0.603 for CaCuO2.

Ill.CONCLUSIONS :

The LMTO method which is comparatively
simple and faster than the LAPW method is able to
predict one electron energy spectrumof CaCuO2 quite
well. Values for the bulk modulus and the frozen
phonon frequencies have been otained. The phonon
frequenciesfor the undoped CaCuO2 are quite near to
those measured for the Sr-doped sample
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TABLE I Frequencies of the various phonon modes

for CaCuO2 in cm.

S. Mode Displ- Components Calculated Exptl.
No. Symm- aced of atomic freq. for freq. for

etry Atoms displace- CaCuO R St-dopedments CaCuO,?.
=

i. Au Cu, Ca ZI- Z2 213 186

2. Au O Z3- Z4 316

3. Au Cu,O,Ca f Z1- Z21 422 421 (440)

[-Z3J-Z4

4. Eu CU, Ca f XI- Yli 323 230 (240)

L-X2+ Y2Juoax 00
Il-x2-Y2+Y3- x4

6. Eu Cu, 0 I-X1- Y1] 634 597 (663)

[ J+X3- Y4

The displacementsof the various atoms are denoted

by Cu(X1,Y1,Z1), Ca(X2,Y2,Z2), OI(X3,Y3,Z3) and

O2(X4,Y4,Z4)•
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HIGH-PERFORMANCE PASSIVE MICROWAVE5_ ON JOSE_N JUNCTIONS

A.G. Oenisov, V.N.Radzikhovsky, A.M. Kudeliya

<.ul_t.er ot Superconduct.ive,cS_b_O, _'__ -"_,_..__c._Research -"--

R_l_ oe 1ect.roni cs " I ceberz" , Kiev, tlkrai p,e
Fax: (7-044)-477-62-08

The quasi-optical _enerations of image of objects with their
internal structure in millimeter (}_) ,and submillimeter [SMM)
bmlds is one ot prime problems of modern radioelect.ronics. The
main advantage of passive MMima_in_ systems in comparision with
visible _d infr_-ed(IR)systemsis smallattenuationof signals
in fo_, cloud, smoke, dustaridotherobscurm]ts.However at a
panoramicscannin_ of space theobservationtimelengthensand
therebythe informat.ionprocessin_ratebecomerestricted.So that
single-channelsystemcannotimagein realtime.Thereforewe must
use manyradiometersin pay-allelto reducethe observationtime.
Such systemmustcontainreceivin_sensorsas pixelsinmultibeam
antenna. The use o1 JosephsonJunctions (JJ) for this purpose
to_etherwith thecryoeleotronicdeviceslikeGaAsFET or SQUIDS
for signal amplifications after JJ is of par-ticul_- interest, in
this case.

1.1NTRODUL-rrlON

The conceptionof the opticima_in_ systems at present is
more widely employed in millimeterwave range [I-33. Fi_.i
displaysattenuationsof radiationsinMM and _ bandsin various
environmentssuch as fo_, rain, drizzle, etc, where we see
relativelysmall attenuationof radiationin MM-wave range
compared t.othe radiationsin the infr_"edand visiblerml_e[4].
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Fig. l. Attenuations of the radiations in va_ous wave2)azlds
for different environments

The problem of development of devices for obtaining images of
objects in the opt.ical and IR bands has practically been solved
both physica!ly and t.echnologically. A number of physical and
technical difficulties, howerer, arise in _ aad Sk_ bands, first
of all because at the correspondin¢ radiation frequencies the
quaJ-_t.umenerffy is _Lw and becomes lower than the phot.oeffect.
threshold. Due to this, bringing these bands t.o a practical use
calls for developing basically new techniques _d sensors for
reception and detection of the radiation.

At. the same time the developing of new future microwave
systems must be more at the base of idea of ecolo¢ically pure
deviceswithout any artificialradiationsor with small radiated

power. In some cases the passivemany elementsand multifrequency
systems of the artificialvision (includin_stereo)are principal

or compet.ivefor employing[5].
There have been substantial progresses in MM technics,

includin_ radiometric systems, due to the availability of
hiffh-quaiit.-y,small-sizedelementsof the conventionaltypessuch
as Shottky diodes, FET's, Gunn oscillators, etc, with the
fluctuationalsensitivityof the uncooledradiometerbeing better

than 0.04 K at si[nal averaging time of I s. The sizes of
radiometricmodules produced by "Iceberg" in the "tranparent
windows" at 8 n_nand 3 mm wave bands are about70x40x20mma or in
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a tube with the diameter about 20 mm. In principal there may be
future decision concernin_ the diminishin_ of radiometer but as

for the matrix must. be another principal idea for doin_
manyelement systems. It is desirable that. this system must be

analyzed in terms of the sensitivity, dynamic ranffe, simplicity,
frequency bands, size and mass as well as of the electrom_netic
compatibility and of feasibility of the use of the inte_ral
technolo[y for their fabrication.

The development, of a radiometer as an elementary sensor
(cell) of a multielement matrix is practically feasible with the
usin[ of three types of receivin_ devices: amplifiers, frequency
converters and microwave detectors.

Accordinff t.o experimental and theoretical analysis performed
in "Iceber[" the use of JJ in the self-pumpin[ mode [5], which is
one of the varieties of the heterodyne detection, is particular
interest, in this case.

The array of the receivinffsensors is the main functiona!

block of the multichannel passive ima_er. The number of the
sensorsand its sensitivitydeterminesthe efficiencyof systems in
the whole. Matrix of JJ with down convertionto the intermediate

frequency Ga FET amplifieror SQUID [7,2]at the detectoroutput
yieldsa levelof sensitivitynot worse than O.Oi K.

This obviates the need for an externalheterodyne, since the

oscillationof the junctionitselfis employedand there exists the

possibility of the JJ tuninffto the frequencyof the siffnalbein_
received in accordance with the expression describin_ the
nonst.ationaryJosephsoneffect [8]:

2eV= fla_,

where e and _ are fundamentalconstants, V is the volta[eacross

the JJ, and_ - the frequencyof the oscillation[eneratedby JJ.
As shown by the analisis [6], the equivalenttemperatureof

570



the noise of such a r_c_iver_... (T.:,]_.is _,_i"_.,_.,, by expression:

%+ * %° .h

where Tjo is the effective noise temperature of the Josephson
generation, Tin- is the noise temperature due to background
radiation; L - is the power loss at the frequency conversion in
the JJ; fir, _fif and Tif& are respectively the central frequency,
the amplification band, and the noise temperature of the
intermediate frequency amplifier at the detector output, and AF -
is the Josephson oscillation bandwidth.

The estimation of parameters being expected in accordance
with [7] at a cooling temperature of about 20._D K and Tifa( 20 K;

Tja 60 K,ZkP_20 GHz, fifv4 GHz, !_t'if}700 MHzand Tina20 K (only the
path loss) with the use of generally-accepted theories [8] and
account of modern experiments [9] yields the fluctuational
sensitivity value at a level not worse than 0.01K (0.005 K). This
value is quite adequate for solving of most problems.

In practice, the technical realization of such system may be
performed at the base of the various types of the matching with
antenna system depending on the real tasks and on the area
coverage [lO, ll, 12]. There are may by LTSA (Linearly Tapered
Slot Antenna) [lO] or an integrated-circuit antenna array [ll]
which was planned for analogy items in radar technics with
multibeam antenna.

It should be noted that the problem of the microwave
modulator (or beam chopper) which is principal but nonadvantagable
device for the radiometer scheme and especially in case of matrix
system may be decided by the another method in case of JJ sensors,
Modulator can be removed from the entrance before the JJ according
to the possibility of usin_ the pilot-signal regime of radiometer
scheme or the regime with the modulation of working point of JJ
which was examined in [g]. In case of integrated-circuit antenna
for the receivin_ sensor built on JJ there may be used the second
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CONffLUSION

So, the usin[of JJ for ima[ingsystemscan do the advanta[e
of good sensitivity, exclusionof the special local oscillators

and modulators. Besidesthis there exists the possibilityof the
electronictuningto the frequencyof the signal being received
[13].
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JOSEPHSON FREQUENCY METER FOR MILLIMETER AND SUBMILLIMETER
WAVELENGTHS.

S.E.Anischenko, S.Y.Larkin, V.I.Chaikovsky.P.V.Khabayev,V.V.Karnyshin
State Research Center "Fonon", 37, Pobedy Ave., KPI. Kiev, 252056 Ukraine.

1. INTRODUCTION

Frequency measurements of electromagnetic oscillations of millimeter and submillimeter
wavebands with frequency growth due to a number of reasons become more and more difficult.
First, these frequencies are considered to be cutoff for semiconductor converting devices and one has
to use optical measurement methods instead of traditional ones with frequency transfer. Second,
resonance measurement methods are characterized by using relatively narrow bands and optical ones
are limited in frequency and time resolution due to the limited range and velocity of movement
of their mechanical elements as well as the efficiency of these optical techniques decreases with
the increase of wavelength due to diffraction losses. That requires the apriori information on the
radiation frequency band of the source involved. Method of measuring frequency of harmonic
microwave signals in millimeter and submillimeter wavebands based on the ac Josephson effect in
superconducting contacts is devoid of all the above drawbacks. This approach offers a number of
major advantages over the more traditional measurement methods, that is the one based on frequency
conversion, resonance and interferometric techniques. It can be characterized by high potential
accuracy, wide range of frequencies measured, prompt measurement and the opportunity to obtain
panoramic display of the results as well as full automation of the measuring process.

2. THEORY

All known frequency measurements methods using the ac Josephson effect are mainly based on
the major relationship binding the frequency of the external electromagnetic radiation £1 with the
voltage Vn across the Josephson junction:

F2= 2e Vn/h (1)

This specific feature has the form of a Shapiro step on the voltage-current curve (V-I curve), i.e.
the voltage across the junction is remaining constant with the biasing current that is varying in the
sync zone. From this point on let us call this part of the V-I curve a "Special feature existence" zone.
Thus, functionally, the frequency measurement procedure of the monochromatic signal that is
disturbing the Josephson junction reduces to the coordinate estimation of a "special feature existence"
zone on the V-I curve.

In practice the pattern of measuring the frequency of monohammnic signals based on the ac
Josephson effect described above can be carried out using different techniques. Let the extemal
disturbance be described by the expression for the current amplitude:

I =Acosf2t (2)

Let us introduce for convenience the current peak value of the disturbing external source
normalized in current:

A n = A/2I (3)

Then, the V-I curve of the Josephson junction being irradiated by the described signal can be
presented as follows [1]:

O, for 1I- IQ[< A_,

21_, forlI-Ia[_A,_ (4)V = Vn+ signti.i,\Rdrtl.in\2_A,_j(/[[)
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where Vn is a bias voltage across the junction which produces the coincidence of the Josephson
oscillation frequency coj with the frequency of the external signal x-l, In is a hypothetical
current of the junction corresponding to the voltage Vn without incident radiation; Rd is a
dynamic resistance. At this, beyond the "special feature existence" zone the V-I curve of irradiated
junction is monotonically approaching the curve of the non-irradiated one which is splitting the
discontinuous section into two equal parts at the point with the coordinates (In,Vn) • Let us call this
point a "central point" of the "special feature existence" zone on the V-I curve. It should be pointed
out that the expression (4) does not take into account the effect of the junction fluctuations as the
peak value of the induced current is assumed to be far in excess of the current amplitude of the
natural fluctuations. This inclusion of fluctuations when analyzing the V-I curve leads to the
quadratic smoothing of the hyperbolic sections.
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/ // !
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Fig.1. a) Schematical illustration of both V-I curves with and without incident radiation in the
coordinate system displaced to the point (It,O);

b) Procedure of forming the histogram P,_

Fig. la schematically displays the diagrams of both V-I curves with and without incident
radiationin the coordinate systemdisplaced to the point ( Ic, 0 ). In this figure the V-I curve of the
non-irradiatedjunction is linearly approximated.Analyzing a shape of the V-I curve displayed in
Fig.1 and described by expression(4) the frequency measuringprocedurecan be roughly presentedas
the procedureof identifying the "special featureexistence" zone with the subsequentdetemfination
of the central point coordinates.The advantagesof the frequencymeasurementtechnique, based on
the ac Josephsoneffect, are the best seen duringdigital registrationand functionalprocessing of the
disturbed V-I curve with a certainrationalalgorithm.For this purpose it is necessary to carry out the
quantizationof the"biasing currentand to represent the V-I curve as the latticed function that is in
shape of the finite sequence of discrete counts in the prescribed system of nodes and with the
prescribedquantizationincrement of their instantaneous values. The counts for the V-I curve
are representedon the set of nodes (see Fig.lb): v = f(i)--_{Vk},k _ K.

In our previouspaper[2] we offered the frequencymeasurementalgorithm based on the analysis
of the first differences of the V-I curveof irradiatedJosephsonjunction.The present paper suggests
for considerationthe algorithm forming the histogram of the count's sequence of this curve. In this
case the rationalitycriterion is markedby severalfeatures:
- information productivity or possibility of insuring measurement accuracy approachinglimiting
values;
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- functional simplic,ty allowing one-increment processing procedure;
- minimization of tht computation time and expenses;
- possibility of panoramic displaying the results in the real time scale.

Finalizing the theoretical analysis it should be pointed out the important restriction for the
amplitude of the external effect that defines the application scope of the above approaches. The
signal measured is considered to be a low-powersignal on carrying out the following inequality:

A << I¢*C22/_2¢ (5)

where Ic is a critical currentof the junction; f'& is a characteristicfrequency. This restrictionbreaks
down when the frequency band is higher than D_ but the junction sensitivity sharply falls off.

3. TECHNIQUE

To can'y out digital processing technique for the V-I curve it is necessary to have the discrete
image of it by setting the discretecurrent counts, dI (see Fig.lb). The value of the elementary current
count influence upon the performance of the algorithm and evidently should be chosen as minimum
as it could be. Evidently to identify a Shapiro step it is necessary that the minimum size of discrete
count dImi. be related to minimum-discernible disturbance of Aomt, as: At-_i. = 3dIm_ .
Furthermore, the amplitude of the external effect should at least three times exceeded the intrinsic
noise of the Josephson junction (when no external noise exist). It follows that:

4 2[ kBT Rdmax
10I,

where If is a fluctuating current of the junction; R is a normal resistance; Radix is a maximum
dynamic resistance of the non-radiated junction for the frequency band being analyzed.

For processing the discrete image of the V-I curve of the irradiated Josephson junction and
terminating the coordinates of the central point of the "special feature" we use the algorithm that
forms the histogram of the V-I curve. To identify the "special feature existence" zone on the V-I
curve the algorithm mentioned provides the criterion of equation of all count ordinates of the V-I
curve which are attributed to the Shapiro step. The V-I curve of non-irradiated junction is a
monotonically increasing function. Its discrete representation is equivalent to carrying out the
inequality Vk+l> Vk on the hole set of nodes {Vk}. There exists the final window A (see Fig.lb)
of the uniform splitting of the interval for the possible values of the V-I curve. As this takes place,
not more than one count of the V-I curve should correspond to each splitting window A, ( or the
window limited by levels of n*A n (n+l)*A out of {Vk}').At this, some number P, that is equal to
the quantity of counts thrown into the specified splitting interval is taken the value to: 1 or 0. It is
sufficient for the minimum value out of the set of first differences dk_A) for the V-I curve of the
non-irradiated junction:

dk(A)----Vk.l(A)- Vk (A), inf{dk(A)}>A (7)

The V-I curve of the irradiated junction is characterized by inherence of the "special feature
existence" zone including more than 2 counts that are equal to each other:

Vk = Vk+l, for Kmi.< K < K,_ (8)

wherethelimitsofzonearedetemainedbythefollowingrelationships:

K=m= fix (Ko - 0.5P)
-- fix (I_ + 0.5P) (9)
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where Kn is the abscissa dimensionless index of the "special feature" central point. Then more
than 2 counts ( P > 2) of the V-I curve get into the window An with index n = _ covering the
"special feature existence" zone. Having completed the registration procedure for the quantity of
counts P, captured by each window out of the continuous set, a certain latticed function {P,} is
formed (see Fig.lb). The hole interval of possible values of ordinates for the V-I curve is spanned in
the process. This function or histogram takes the value of 0 or 1 in all the nodes except n =
node. The window of it spans the "special feature existence" zone. There are 2 counts or more
( P > 2) within this node and in this manner it is easy to identify the "special feature existence" zone
on this indicator. The dimensionless integer index n = f) (i.e. the dimensionless abscissa of the
histogram overshoot) is easily converted into ordinate Vn of the "special feature" in accordance with
the following rule:

n*A< Vn < (n+l)*A, (I0)

whereA ~ dI,,_,isa window(i.e.theestablishedsizeoftheintervalorthesplittingincrementfor
thepositionofexistenceoftheV-Icurveregisteredcounts{Vk}.ValueofvoltageVn determinedin
a suchway can be easilyrecalculatedintothedesiredfrequency_ of theincidentradiation
accordingtoEq.(I).

Besidesmeasurementofthefrequency_, theresultofhistogramconstructionenablescomparing
valueP,withpeak2AQ ofthe"specialfeatureexistence"zoneintermsofthecurrentintervaldI.
By thismeansvalueP, at n = N isameasureofintensityoftheincidentpowerforamplitudesAn
limitedbyinequality(5)

2An= P**dl (11)

Thereexistsa limitforthereasonablesizereductionofwindow A forthehistogramP,.It
approximatelycorrespondstotheequationofthewindowsize A andtheintervaldV of the
amplitudequantizationoftheregisteredcounts.ThechoiceofsizeA lessthanintervaldV doesnot
leadtothereductioninerrorofthemeasurementoftheordinateofthe"specialfeature"centralpoint
Vn.The reasonisthattheregistrationerroroftheestimatedvalueVo asa resultofthefinitelength
ofitsdigitalrepresentationmakesitselfevidentandcomeson todominate.As theintervaldV is
proportionaltothediscretecountdIthewindowsizeA isboundwith frequencyof thecurrent
quantization.Finally,thewindowsizeA canbepresentedasfollows:

inf{dk(A)}< A < dV (12)

So.thealgorithmofmeasuringfrequencyofincidentradiationwiththeuseofhistogramanalysis
incorporatesasequenceofthefollowingsteps:
I.Registrationof sequenceof V-Icountsof theJosephsonjunctionwithoutincidentradiation
{Vk(A)]<--'>{Ik(A)}.At this,frequencyofcurrentquantizationdlisbeingdetenninedinaccordance
withEq.(6).The numberofregisteredcountsK ofdiscreteV-Icurveisdefinedby a currentpeak
and quantizationintervalfor overlappingtheworkingintervalofvoltagesVmi....Vm_:
K = (I_,_-I_i_)/dL
2.Obtainingafileofthefirstdifferences{dR(A)} accordingtoEq.(7)
3.Determinationoftheminimum valueoutofthefileinf{dk(A)} aswellasthewindowsizeof
histogramA accordingtoEq.(12).
4.RegistrationofthecountssequenceofV-Icurveincaseofincidentradiation:
5.SelectionoftheV-Icurvesectionbearinginformationbymeansofrecalculationoftheboundary
conditionsofthemeasuredfrequencyband G_ ...£!,_xusingEq.(1)intolowerand upper
boundariesof the intervalinf[Vk} and sup{Vk}.Determinationof thenumberofintervals
(i.e.windows)N ofthehistogramformed:

N = (fiX[Sup[VR}- inf{Vk}])/ A (13)
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6. Formation of the histogram {P,} for the selected counts of the V-I curve.
7. Conversion of node arguments of the histogram into the frequency F&.
8. Registration of arguments of the histogram overshoots as the frequency estimations of the
harmonics making up an incident radiation.

4. EXPERIMENTAL RESULTS

In the course-of the experiment the task was directed to the evaluation of the simulation
model of the method and its comparisonwith the real results obtainedwith the experimental set-up.
Fig.2 presents a block diagram of the experimentalset-up describedin [3]. As theJosephson junction
the low temperature niobium edge contact with the following parameters was utilized: the normal
resistance is about 1 Ohm; the critical currentis 0.4 ma; the junctionarea is 0.5 lain2.

Personal

computer

I _ _ I(tn),U(tn),Uo(m)

II. Buffer _ High- speed _ DAC
II memory I'l communication

l / in,er,aoo,, } L

i Amp..=i I L

[Synchr"n"usk I --_M( :ulator ILdetect°r f IPre - amplifier[ L

- " ut attenuator 7_- I-'---------'-------"---":U-tC .....mp ___1 _ I'__ ryogenic

A= or Ltl ,o,op.,onjunction-- block
mechanismcontrol| I I[__'_._L__..... T=4,2 k

(Automatic input _t ..........
powc,co.ol)  .cid t

Fig.2. Block diagram of the experimental set-up.

Fig.3 shows the V-I curve of the Josephson junction simulated on a computer. The radiation
frequency was chosen to be 60 GHz and the fragment of the junction V-I curve corresponds
to the classic theoretical behavior in the neighborhood of the "special feature existence" zone.
The software allows to get the idealized histogram that is consistent with such representation.
Fig.4 also gives the simulation results without taking into account the fluctuations influence.
They refer to the minimum amplitude signal allowed. The response size perfectly corresponds to
three points along the sweep tone of the V-I curve. Fig.5 illustrates the behaviour of the model
under the condition of strong external induction. The histogram can confirm that the method is
stable to extemal parasitic sources. Fig.6 displays the fragment of the real V-I curve of the
Josephson junction irradiated by 140 GHz oscillator. The line width of the intrinsic Josephson
oscillation constitutes 190 MHz. The line width of the oscillation source was certified with a

filter and runs to 1,3 GHz that corresponds to the histogram obtained on an experimental set-up.
Thus, the experimental set-up and software developed allow to get 300 MHz frequency
resolution, at this, the line width of the intrinsicoscillation being 200 MHz. Fig.7 presents
the results of a more complex experiment. The Josephson junction was exposed to the influence
of three oscillators with different frequencies: ft = 135 GHz with generation line width of

578



80 ................

• 70
t_

r.-I
o
:> 60 ..........

50- ...........................

40 ............
30 , , , , , I

30 40 50 60 70 80 90 O0

Imx - lain
Current Ik K= dI

12 ! ii _ '

1o

=8

o 6
4.1
-,-'1

42 " ..... • " ..... • " • • "
0 r ,
20 30 40 50 60 70 80 90 100

Vmax- Vain
N= A
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Afl=500MHz, f2 = 140GHz with Af2= 1,3GHz and f3 =200GHz withAf3 = 2GHz. The
histogram depicts the conditions of the experiment with high accuracy ( not worse than 10-4 of
relative units to the accuracy of the evaluation of the average source frequency). The amplitude
of the lab sources was measured with the use of standard power meters and controlled by way
of introducing attenuation into the microwave transmission line in accordance with block-
diagram given in the technical specifications of the experimental set-up. The analysis of the
determination of the microwave signal amplitude according to the histogram shows that in
conformity with theoretical background and on carrying out the inequality (5) the response value
of the Josephson junction is practically proportional to the square root of the external radiation
power. At this, the less is the amplitude of the external source influence and its frequency related
to the typical frequency of the Josephson junction, the closer this dependence is to the linear form.
It takes 1 see to make analysis and display the results. This time can be minimized at least one
order higher without any loss for the accuracy of measurements with the use of high-speed
DAC/ADC of the corresponding number of bits.

We would like to finalize that the proposed technique related to the panoramic analysis of the
frequency composition of microwave signals and the equipment involved can be used:
-in radio engineering research of various microwave radiation sources;
- radioastronomy and navigation;
- for specific task on radio provision.
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JOSEPHSON JUNCTION SPECTRUMANALYZERFOR MILLIMETER
AND SUBMILLIMETERWAVELENGTHS

S.Y.Larkin,S.E.Anischenko,P.V.Khabayev.
State ResearchCenter"Fonon".37, Pobedy Ave., KPI, Kiev, 252056 Ukraine.

ABSTRACT

A prototype of the Josephson-effect spectrum analyzer developed for the millimeter-
wave band is described. The measurement results for spectra obtained in the frequency
band from 50 to 250 GHz are presented.

INTRODUCTION

Spectroscopic studies in millimeter-wave and submillimeter-wave bands are faced a
lot of problems when the techniques initially developed for lower or higher frequencies
are applied in this intermediate spectral band. On the one hand, the efficiency of
heterodyne RF mixing technique decreases rapidly with the decrease of wavelength and this
technique also fails to provide continuos measurements in the whole band. On the other
hand, the measurements of more continuos spectra can be carried out by extending the
optical techniques using diffraction gratings and Micbelson interferometers to millimeter-wave
band, but the efficiency of these optical techniques decreases with the increase of wavelength
due to diffraction losses .

A new spectroscopic technique based on the AC Josephson effect in superconducting
junctions was proposed earlier [1,2} and developed afterwards [3] and some experiments
were done to estimate the applicability of this technique in general spectroscopic
measurements of submillimeter-wave and millimeter-wave radiation. In this technique a
frequency scanning is accomplished by changing the voltage on the junction and fast
spectral measurements are in principle possible by the technique. These features are very
attractive for the high-speed millimeter-wave spectra in the frequency band of 30-300 GHz
and should be analyzed with rather moderate spectral resolution of 2 GHz but with
characteristic time interval about 10 ms.

THEORY

When weak electromagnetic radiation with the spectral distribution of
intensity S(f) is applied to the Josephson junction, its current-voltage curve (I-V curve) is
changed (Fig.la). When the Josephson junction is described by the resistively-shunted-
junction (RSJ) model, the difference AI(V)=I(V)-I0(V) between the current values with and
without incident radiation is shown to be related with the radiation spectnma by the Hilbert
transform [1]:

S(f) =_K._ g(u)du (I)
u-hf / 2eV

where g(V)=k*AI(V)*I(V)*V is the response function (Fig.lb).
Thus, the spectral analysis consists of two pat'ts: at first one should measure the I-V

curves of the Josephson junction both with and without incident radiation and then apply
the Hilbert transform to measured response function g(V). A spectral line for the 70 GHz
monochromatic signal obtained with the use of Hilbert transform is shown in Fig.lc. The
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operational principle in some respect is similar to that of the Fourier-transform-

spectroscopy. The main difference between two techniques lies in the following:
for the Hilbert-transform-spectroscopy, the first integral transformation of spectrum
into electric signal occurs directly in the solid-state detector, but in the FTS this
transformation takes place in the detector-comprising optico-mechanical interferometer. This

difference results in some advantages of the HT spectroscopy as compared with

the FT spectroscopy: a potentiality of the high- speed spectroscopy is one of them.
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Fig. 1. Spectral measurements of 70 GHz monochromatic signal

The main advantage of this technique is due to its possibility to provide the wide-band
(about a decade) millimeter measurements using only one measuring channel.

The fOllowing restriction for this spectroscopic method should be mentioned. This
method rests on the assmnption that the amplitude of the current induced in the junction is
comparable to the amplitude of the fluctuating current if. In this case a response of the
junction can be expressed as [4]

V- _(_) 1 1
resp - - Re-g (2)8F_ o

I j_

where: V and Y (A) are respectively the voltages on the Josephson junction with and without
incident radiation; a([)) is the amplitude of the induced current; _"_=2eP'/h is the

frequency of the incident radiation; 8 = V-(0 is a mistuning for the Josephson frequency
(0; y is a parameter characterizing fluctuations of the junction.
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Analyticallythe responseof the junctionmay be givenas [1]:

_ a_(_)[ _+___ _-_Ai(_,_)- 8i_ (F+f))2+y_+(__f_)_+y_] (3)

The next conclusion follows herefrom. The inherent fluctuations of the Josephson
junction bring into existence the quadratic change of shape of its I-V curve under weak
incident radiation. That is to say that this change is proportional to square of the induced

current amplitude a 2(_"2).What this means is that at first in case of weak radiation there
appear a feature in shape of a bend in the I-V curve instead of the Shapiro step. This feature
or a response of the Josephson junction is governed by the equation [4]:

1 1 1 (4)
resp = -_T Re[og_ __ jy og_ _ + jy "]

Fig.2 shows different shapes of feature of the I-V curve under changing the incident
power of the harmonic radiation. From this figure we notice that within the feature region the
dynamic resistance of irradiated junction varies through a range:

0 < Ra <-R_A) (5)

where R d = 0 is consistent with the Shapiro step; Rd_A) is a dynamic resistance of the

Josephson junction without incident radiation.

.... I..............
Current

R_=R__^_,%=G

'-"
I

Rd--O Current

Fig.2. The dynamicresistancedependenceof the incidentpower of harmonicradiationin the
neighbourhoodof the centralpoinrof thefeature zone.
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Tile implication of this analysis we use for the development of the Josephson
spectrometer is that a dynamic range of the incident power is limited at the top. The induced
current amplitude may not exceed a fixed quantity wherein the dynamic resistance is equal to
0. A practical implementation of this restriction is carried out by analyzing the dynamic
resistance in every point of the I-V curve within a corresponding frequency range and
attenuation of the incident power if the dynamic resistance becomes equal to 0.

EXPERIMENTAL SET-UP

Fig.3 shows a block diagram of the experimental set-up. The set-up consists of four
main units:

1. A Cryogenic block.
2. An Analog signal processing unit.
3. A high speed communications interface with the quick DAC and ADC.
4. A quasi-optical microwave transmission line.

Persunal
' / computer I

,-_ .... -_-I._(ta),_U_(_t-)-_U,_(_ )_.........

m_mory I I communication )A
interfacel l(--_-Jl/1ADC L

r

'"-f- 11"_--''-Amp-- :t-__-mer Oscillator L c[-_t
I Ifg= 51M(::;zl• ce I

T ' ,u:0,or[Synchr°n°us_---_Pre- amplifier[ __M,

detector I I ld I I h [

_ - :1 CryogenicIn _ bock i

Ii x_ll,_Josephson junction T=4,2 k II

! r-_ u[ Calibration [

[ _ L oscillator J
I Attenuator drive / _ I I Input attenuator

'_mechamsm
• .Lt- -d I

contro,j,, <AutomaOcinput
_ /_ powercontrol)

Inputswitch _.i..l- _ Inputswitch
l control ]Ii L__

- --_-_-_r['n_'i'dentradiation

Fig.3. Block diagram of the experimental set-up.

The spectrum analyzer performance is controlled by the personal computer.
Operating software for measuring the spectra depends on signal type. When studying
the determinate processes the I-V curve measurements are followed by signal spectrum
recovery at once. The recovery time is no more than 20 s. The spectnlm calibration
with respect to the frequency and power is performed by the calibrating signal which
frequency is beyond the frequency range being under consideration. When quick-changed
random signals such as the microwave radiation of the thermonuclear plasma are analyzed
a set of the I-V curves is taken and stored in the computer memory. The time is taken for
one I-V curve to be measured does not exceed 20 ItS.After stopping the signal action or a
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required number of the I-V curves are measured, the computer recovers the slide-
spectra followed by their storage in memory.

The 14-bit DAC is controlled by the computer via the high-speed communications
interface. The DAC in combination with the current source forms the current ramp I(t,) as
a bias of the junction operating point. The shape of the junction response voltage U(t.) is
similar to its I-V curve. This signal is amplified and sampled by the high-speed 16-bit
ADC. To reduce noise the analog signals are processed at 5 MHz modulation
frequency. A transformer that has a helium level of cooling is used for matching the
low-resistive Josephson junction (R. is about 1 Ohm) with the amplifier input resistance.
The measured response signal is stored in a buffer memory for the time when the
successive I-V measurements are made, then it is directed into the computer via the

high-speed communications interface.
The spectrum is obtained by a personal computer in accordance with Eq.l having

extracted the experimental data I(t,), Vo(t,), V(t,,) from its memory and using the
canonical discrete Hilbert transform algorithm.

From Eq. (1) and the equations attending its derivation it follows that the canonical
algorithm for Hilbert-spectroscopy prescribes execution of seven successive steps:

Step 1. Input of the sequence of counts Y2, representing the I-V curve y2=f(x) of the
junction disturbed by the external microwave signal.

Step 2. Input of the sequence of counts y_, representing the basic I-V curve
yl=f(x) of the screened junction.

Step 3. Formation of the inverted sequence z2, representing the inverted I-V curve
z2=g(y2) of the disturbed junction.

Step 4. Formation of the inverted sequence z_, representing the inverted basic I-V curve
zl=g(yl).

Step 5. Formation of the coloring function wgh(x) equal to element-by-element
product of the inverted basic I-V curve by the sequence of the independent variable y counts
(the segment of the natural set of numbers).

Step 6. Formation of the difference function dz=z2-z_and its coloring to yield the form
dlt=dzx*wtgh suitable for transformation.

Step 7. Execution of the Hilbert transform of the coloring difference function with
the transformation core size specified by the operator.

The final transformation product forms the equidistant sequence of counts of the
estimated signal energy spectrum for the irradiated junction under the test determination of
I-V values y2=f(x).

It should be noted that the synthesized canonical form of the Hilbert spectroscopy
algorithm can be used with both non-coherent and monochromatic signals under the test
conditions. For the latter, the algorithm is realized by passing Step 5 and Step 6 that
foresee the difference function coloring to equalize the non-uniformity of the Josephson
junction sensitivity over the operating frequency band.

Fig. 4 shows a block-schematic diagram of the microwave transmission-line. When
designing this system we made a choice of the quasi-optical components due to existence of
some basic problems. They are:

- wide range of frequencies being investigated, from 50 to 350 GHz;
- high frequency resolution that is about 2 GHz;
- linearity of an amplitude-frequency characteristic (bandpass flatness no more

than 2 dB);
difficulty to match the high waveguide resistance with the low resistance of the

Josephsou junction over a wide frequency band.
The hollow square metal-dielectric waveguide with appropriate electromagnetic focusing

is utilized as a system for radiation channeling from the input antenna to the
Josephson junction. The input switch and attenuator provided with the personal computer
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control are employed to adjust the incident power at the Josephsonjunction and to take
measure I-V curves of irradiated junction. The designed microwave unit allows the
following parameters to be realized in the frequency range from 50 to 400 GHz:

Personal
computer

Fig.4. Block schematic diagram of the quasi-optical microwave transmission line.

- bandpass flatness of the amplitude-frequency characteristic is no more than 2 dB;
-longitudinal losses along 1.5 m are no more than 0.6 dB/m;
- attenuation at the low frequency range margin is no more than 6 dB;
- adjusting level for the input power is 50 dB.
The high-stability calibrating oscillator with the input power of 1 _tW at a frequency of

320 GHz is incorporated into the microwave transmission line via the directional
coupler for calibrating the spectnmaanalyzer during the measurement process.

Designed microwave transmission line has some advantages over the other cryogenic
microwave systems. The cryogenic receiver manufactured on the basis of it allows to work
with any transport Dewar flasks and simplifies procedure of preparing the cryogenic
block to the measurements. The time interval for this procedure is about 2 minutes.

The matching structure was developed to match the best the low impedance Josephson
junction with an impedance of the metal-dielectric waveguide within the wide frequency
range [3]. This structure (see Fig. 5) consists of the planar tapered V-antenna, the
impedance transformer and planar integrated low temperature niobium junction, was properly
calculated and the necessary layout was designed. The antenna feed-point impedance is
adjusted to the junction normal resistance of about 1 Ohm by the multi-layered structure
consisting of the broadband taper between a quasi-coplanar strip line and a parallel plate line.
The substrate material is a sapphire. The main parameters of the Joseplasonjunction are:

- normal resistance is 0.5 ...1.5 Ohm;
- critical current is 0.2 ... 0.4 ma;
- junction area is about 0.5 lain2.
The I-V curve for unperturbed junction (see Fig.6) is not similar to that of the

Josephson junction in RSJ model but nevertheless Josephson behavior is observed for
the frequencies within the band from 30 to 500 GHz.
The multi-layered structure appears to be a disadvantage because it is too hard to
manufacture such high-temperature samples with the two-step junction or bicrystal
junction that answer the best the resistively-shunted-junctionmodel. Another disadvantage
of the multi-layered structure consists in poor correspondence of the weak
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superconductivity mechanism to the restively-shunted-junction model that is a basis of our
methodological approaches due to high capacitance of the junction.

dc pad
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Fig.5. a) Layout of the broad-band receiving antenna with the Josephson junction;
b) Structure of the Josephson junction;
c) Layout of the broadband impedance transformer.
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Fig.6. I-V curves of the Josephson junction with and without incident radiation.
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RESULTS

The set-up described above allowed the analysis of the complex line spectra to be
performed over the frequencies from 40 to 250 GHz with the frequency resolution being
not worse than 2 GHz and the sensitivity being not less than 1013 WHHz.

The most characteristic results have been obtained when complex polyharmonic signals
were passed to the spectrum analyzer input.

Fig. 7 shows the signal spectntm taken from the Josephson junction co-irradiated by
the non-coherent laboratory back-ward-wave oscillators. The output power levels of the
oscillators are from 0.01 to 1 mW. Therefore the attenuation level was adjusted more than
30 dB to reach the dynamic range of the junction. The frequency resolution is about 2 GHz.
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Fig.7. Spectral measurements of mixed three monochromatic signals.

Fig. 8 presents the spectrttm of five non-coherent laboratory back-ward-wave
oscillators.
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Fig.8. Spectral measurements of mixedfive monochromatic signals.

Fig. 9 shows the signal spectrum obtained from the 9 GHz drivingoscillator with the 14
times avalanche diode multiplier. Inspection of the spectrum reveals that its structure is
vertical lines with pronounced fundamental frequency fm= 126 GHz and several lateral
harmonics separated by 9 GHz.

The incident power at the fundamental frequency fmexceeds the dynamic range for the
specimens of this type. Therefore, the lateral hamlonics which frequencies are less than fro,
are poorly observed. This is confirmed by the I-V curve of the Josephson junction
irradiatedby the avalanche diode oscillator signal with the vertical line spectntm
(see Fig.6). From Fig.9 it is evident that a significant nonlinearity in the initial part of the
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Fig.9. Spectrum of the signal obtainedfrom the 9 GHz driving oscillator with the 14
times avalanche diode multiplier.

I-V curve leads to both the effect of the junction response signal from the frequency fra
upon those from the frequencies that are less than fan (dashed area), and limitation of the
dynamic power range up to 20 dB.
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Fig. 10 shows the signal spectrum obtainedfrom the same oscillatorbut with the
notch-filterfor the fundamentalharmonic. In thiscase a dynamicrangeof the junctionis not
exceededand the spectrumobtainedreallycorrespondsto the factualone.
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Abstract

A SQUID is the most sensitive device to detect change in magnetic field. A non-
destructive testing (NDT) device using high temperature SQUIDs and eddy current
method will be much more sensitive than those currently used eddy current systems, yet
much cheaper than one with low temperature SQUIDs. In this paper, we present our
study of such a NDT device using a high temperature superconducting If-SQUID as a
gradiometer sensor. The result clearly demonstrates the expected sensitivity of the
system, and indicates the feasibility of building a portable HTS SQUID NDT device with
the help from cryocooler industry. Such a NDT device will have a significant impact on
metal corrosion or crack detection technology.

INTRODUCTION

It has been known for almost thirty years since its discovery that a Superconducting QUantum
Interference Device (SQUID) is the most sensitive instrument for the measurement of change in magnetic
flux, and if used in non-destructive testing (NDT) of materials, it can offer unprecedented sensitivity. It
also offers a wide range of frequency response (DC to 10 kHz), which is very important to NDT with
eddy current method since low frequency electromagnetic field has a large skin depth and can penetrate
deep through a conductor. It was the work of Weinstock and Nisenoff [1] that revealed the first page of
such an investigation, in which they demonstrated using a low temperature superconducting (LTS)
SQUID that simulated cracks could be detected in ferromagnetic and nonferromagnetic pipes by
observing the magnetic field associated with flaws. Thereafter, several research groups joined in to
explore this new technology. A LTS SQUID has been used in laboratories for the detection of
ferromagnetic rods and plates [2], corrosion in pipes [3,4], naval mines [5], to name a few examples.
However, its application in NDT has been proven to be rather difficult to implement. Along with others,
the foremost reason is the requirement of a LTS SQUID for liquid helium, which seems not practical for
field applications. Hence, the LTS SQUID NDT technology has not been commercially adopted.

The discovery of high temperature superconductors has once again aroused people's enthusiasm for
using a SQUID in non-destructive testing in the near future. A high temperature superconducting (HTS)
SQUID has the required sensitivity, yet it is capable of working at liquid nitrogen temperature, which is
far more advantageous to liquid helium for field applications. The advances in cryocooler industry make it
feasible to place a HTS SQUID sensor in a portable cryocooler. Thus, a HTS SQUID magnetometer or
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gradiometer has a great potential to satisfy all the four requirements needed in a commercial NDT device,
namely: sensitivity, penetration depth, spatial resolution, and device portability. Many efforts have been
made to take advantage of HTS SQUIDs. Various types of HTS thin fill SQUID magnetometers and
gradiometers have been studied [6,7,8,9]. In this paper, we report a different approach we have been using
from all previous researches. We proposed [10,11] that a two-hole If-SQUID be used directly as a
gradiometer sensor. In doing so, we eliminate the need for high temperature superconducting flux
transformer coils that the conventional design requires. More importantly, we have demonstrated
experimentally that this idea works well. Our SQUID has the desired sensitivity, and is capable of
working in a noisy environment without magnetic shielding.

EXPERIMENTAL SETUP

The principle is quite simple. It is easy to show that it is the magnetic flux that is measuredwith a
single hole rf-SQUID, but the differencein magneticfluxes between the holes that is measuredwith a two-
hole If-SQUID. Suppose thatthe two holes arealigned in thex direction,with their axes parallel with the z
direction, the outputvoltage of the measuringsystem, Vo,,,is proportional to the difference of _1 and _2,
the magnetic fluxes throughthe two holes, respectively.If the areaA of the two holes are the same, the flux
difference _1 - q)2 is then proportionalto the meanmagnetic field differenceA Bz = (q_ - _2 ) / A. The

distancebetween the two holes, Ax,
is thebase line lengthover which the
magnetic field gradient AB, / Ax is
averaged. Hence it is a natural first
ordergradiometer.It is insensitive to
ambient field interference, yet

Une-, /kX sensitive to the difference in field
between the two holes. Thus it is

suitable for NDT field applications

z x since it can eliminate the
disturbances from the environment

where sources are relatively far from
the sensor such that fields generated

Fig. 1A double-hole rf-SQUID used as a gradiometer sensor, can be considered uniform over thesize of the sensor.

Our two-hole If-SQUID is
fabricated on a 3 mm thick TI-2223 pellet. Two parallel holes of 1mm in diameter are drilled such that the
distance between their centers is 2 mm. A straight thin slot is carved between the holes using a 0.2 mm
wire saw until a thin bridge remains right in the middle between the holes. The bridge is then cut carefully
until a clear rf-SQUID transfer function pattern is observed [12]. A coil of sixty turns, made from #36
copper wire of about 0.8 mm diameter is inserted into one of the holes. A capacitor of 220 pF is connected
in parallel to the coil to form a resonant tank circuit. Finally, model 330 SQUID electronics manufactured
by BTi. Inc. and its RF head operating at 19 MHz are used as the measuring equipment. It is
experimentally proven that we can operate our HTS If-SQUID successfully without magnetic shielding,
except for the minor shielding from the stainless steel wall of our dewar. Our study also shows that the

SQUID has the sensitivity of 10-UT/2mm/x/-H-zz.

The apparatus used in our NDT experiment is illustrated in Fig. 2. A liquid nitrogen Dewar with a long
thin tail made of stainless steel is used. The rf-SQUID is placed near the bottom of the tail, as close to its
bottom as possible since the magnetic field decreases dramatically as the distance between the sensor and
the source, in our case the cracks, increases. The test samples we use are aluminum alloy (6061-T6) slabs,
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io TvLALLock 1/8" thick and 2" wide. Several
I SQUIDElectronics ] Ampiner mock cracks of different sizes and

shapes are cut in a sample at theRecorder bottom of the stack as shown in the

LN 2 Reference figure. This sample is then covered
Signal

*--Dewar by several pieces of aluminum
slabs that do not have defects, and

they are pulled slowly under the

77 Generator Dewar tail by a step motor.
-€-----Coilset In this paper, we adopt the

ms eddy current method. It is very
........................ If-SQUID similar to the conventional eddy
r5;;;$55;_,/,/SSS_5_;_ gradiometer current method, except that the
[,;'Y--%;;;;;;';,;'3_;'$$$_...... sensor now is a SQUID that is

> x much more sensitive than coils
used in the conventional method.I--I -

Almaterial The advantage of this method is
that no physical contact with the
sample is needed. This may be very

Fig. 2 Sketch of experimental setup important if somehow the
conducting sample is covered by
other non-conducting materials

such as paint, cloth, etc. The eddy current method also offers the benefit that the field can be concentrated
on only a small part of the sample depending on the size of exciting coils. Thus, there is less restraint on
the size of the sample than that for the applied current [10]. To induce eddy current in the sample, two
exciting coils are wound and fastened co-axially to the flange on the Dewar tail. The coils are connected in
series such that the field at their axes, where the sensor is placed, is very small. The two coils can be moved
along their axes for further fine adjustment. Due to the size of the Dewar tail, the diameters of the coils are
1.35" and 3", respectively, which set a limit on the resolution of the system.

In our experiment, the symmetry of the two-hole SQUID is only about 98%, thus leading to a
relatively large noise reception. The spectrum of the environmental noise measured by the not-perfectly-
symmetric two-holes If-SQUID shows that the main contributions to noises are from power lines and its
harmonics. It also shows minima at 30 Hz and several other frequencies. To eliminate this large
environmental noise, we utilize the large dynamic reserve feature of the SQUID system and feed the signal
of the SQUID system into a lock-in amplifier for singling out and amplifying the signal that has the same
frequency as the supplied field. Then the signal is plotted on a x-y recorder or a computer. If there is no
defects in the sample, we would expect a straight horizontal line. However, if there is a crack, a change in
field or its gradient would be detected and a peak is generated on the plot. This is the simple illustration of
how it works.

EXPERIMENTAL RESULTS

Our first experiment is done with the detectionof cracks in aluminumslabs. Several thin slots are cut
through a piece of aluminumplate. The lengths of the three slots are: 1-1/2", 1/4", and 1", respectively
from left to right as shown in Fig. 3. The width is 1/16" for all the slots. This sample is now covered by
1/2" thick solid aluminum alloy plate, and is displaced 1" from the sensor. The gradiometersensor is
aligned in such a way that the line passing the centersof the two holes is in parallelwith the directionof
motion. A current of 0.5 mA and 30 Hz is supplied to the set of coils. Fig. 3 clearly demonstratesthe
sensing capability of our SQUID gradiometer in the presenceof environmental interference.Notice that
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Fig. 3 Test result of crack detection. Fig. 4 Test result of metal presence

there is no magnetic shielding at all; the SQUID is exposed to the external interference. Nevertheless, the
signal response is clean and sensitive in general. From the figure, we see clearly the effects of two large
cracks (1" and 1-1/2" long). The signals observed clearly shows that the changes in magnetic gradient, in
the order of nT/mm, are detected due to the presence of these cracks. However, in this particular test, the
smaller crack in the sample does not generate a big enough signals for our system to detect. This is due to
the limitation on the resolution of the system as we discussed in the last section. Because of the large sizes
of the coils, the field generated does not produce a sharp contrast in a small region. The field cannot be
concentrated on a small area to generate a large gradient at the small crack that our sensor is able to
measure. This will be solved in our future experiments.

We can also use our SQUID NDT device as a metal detector. Fig. 4 is a plot of detection of the
presence of a small piece of aluminum. The size of the piece is 2"xl/2"xl/8". The sample to sensor
distance is 1/2", and the sample is not covered any more. In this test, we supply a current of 4.5 mA, 160
Hz to the coil set. We pass the sample underneath the Dewar tail, with its long side parallel with and then
perpendicular to the direction of motion. The sensor is still aligned with the direction of motion. The results
are shown in the plot and the shape of the curves is expected. It first has a negative peak and then a positive
peak. It is interesting to notice that no matter how the sample travels, the amplitude of the signal change
and the displacement over which the signal changes are almost the same. For example, the signal changes
between position 5 inch and 9 inch on this plot. There is only a slight difference in these positions between
the two curves. The peak to peak amplitude of the two curves are almost the same, about 8 nT/mm. This is
again due to the poor resolution of the current system.

One of the applications as a metal detector is to detect the distribution of metal objects buried in non-
conducting objects, such as re-bars in a piece of concrete. Fig. 5 (a) shows the picture of a piece of such a
concrete block, with its front view on the left and the rear view on the right. The concrete is 4" in diameter
and 1 foot long. Re-bars of different sizes are randomly buried, with their ends exposed to the surface. The
current we supply here is 1 mA and 30 Hz. We scan its side surface and the result is shown in Fig. 5 (b)
using a contour plot. Correspondence between the re-bars and the field distribution is immediately shown.
The center part of the plot reflect the rear side of the block with only one big spot, while the parts on the
left and right, when combined, show the cluster of re-bars at the front. It clearly indicates that the re-bars at
the front have a elongated distribution, and its shape shows several maxima where the re-bars are exposed
to the surface. By the way, this plot is a plot of field, not gradient. The reason is that our two-hole SQUID

597



(a)

o

3

6

lO

13

16

19

23
.__

2629

32 "_

as _'
<

39

42

45

48

52

55

58

0.00 3.99 7.98 11.96 15.95 19.94 23.93 27.91 31.90

Alongcire._nference

(b)
Fig. 5 (a) Photo of a piece of concrete block with re-bars. The front view is on the left
and the rear view on the right. Deep dark areas indicate exposure of re-bars. (b) Contour
plot of side surface scan of the concrete. Dimensions are in centimeters.
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1.00E-09 is not perfectly symmetric as we discussed above. Thus
certain amount of field signal will be measured. Since

re-bars are ferromagnetic materials, their field is so

S.00E-10 strong that we have to move the SQUID sensor far from
it. The distance between the sensor and the surface of the

_- _ block is about 1-1/2". Thus the field there, even only 2%

0.00E+00"_L _ appears in the SQUID, is much stronger than its gradientso that field is detected instead. We accept this fact and
-S.00E-10 _ use the gradiometer as a magnetometer in this test. The$ I advantage of doing this is that environmental noise is

already eliminated.
-I.00E-09

Can we detect corrosion? Yes. Again due to the size
of coils, we choose a relatively big piece of brass bar

-1.50E-09 with a diameter of 3/4" and length of 4". Half of the
0 4 8 12 16 20 brass bar is corroded with nitric acid vapor. The

Displacement(in) thickness of the corrosion is only about 0.005". We pass
the corroded bar under the SQUID sensor with its length

(a) parallel to the direction of motion. The distance between

_-( ( (_-,_ the sensor and the top of the surface is 1/2" and theo75- o745. current supplied is 8 mA and 33 Hz. If it were a uniform_ x,q _-_L

, , , long bar, we would expect a curve similar to those in
_<.... 2" .... :_<.... 2" - - - ->1

Fig. 4, with no turning back in the middle. However,
(b) because of the corrosion, there is a sudden change in

thickness and in sample to sensor distance in the middleFig. 6 Corrosion test result.
of the sample. Therefore, a sudden drop in signal
happens as it seems to meet another new piece of metal.

In conclusion, we have demonstrated the usage of a HTS rf-SQUID in NDT. Our system, working at
liquid nitrogen temperature, does not require any special magnetic shields, nor does it need
superconducting transformer coils. Thus, the difficulties associated with making a HTS transformer coil,
especially a gradiometer coil, are avoided. The most important feature of our system is its high sensitivity
and its ability to measure low frequency signals, which can be utilized to inspect cracks buried deeply
inside a conductor. The advance in cryocooler technology makes it very possible to build a portable,
practical NDT device. We will work on further improvement of its resolution and portability.

We acknowledge the supports of Midwest Superconductivity Inc. We would also like to thank Profs.
Joe Lee, Carl Kurt, and Ray Moore, Department of Transportation, University of Kansas for preparing us
with the concrete block.
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ABSTRACT

The purpose of this paperis twofold: (i) to discuss high temperature superconductors with
specific reference to their employment in telecommunications applications; and (ii) to
discuss a few of the limitations of the normally employed two-fluid model. While the
debate on the actual usage of high temperature superconductors in the design of
electronic and telecommunications devices - obvious advantages versus practical
difficulties - needs to be settled in the near future, it is of great interest to investigate the
parameters and the assumptions that will be employed in such designs. This paper deals
with the issue of providing the microwave design engineer with performance data for
such superconducting waveguides. The values of conductivity and surface resistance,
which are the primary determining factors of a waveguide performance, are computed
based on the two-fluid model. A comparison between two models - a theoretical one in
terms of microscopic parameters (termed Model A) and an experimental fit in terms of
macroscopic parameters (termed Model B) - shows the limitations and the resulting
ambiguities of the two-fluid model at high frequencies and at temperatures close to the
transition temperature. The validity of the two-fluid model is then discussed. Our
preliminary results show that the electrical transport description in the normal and
superconducting phases as they are formulated in the two-fluid model needs to be
modified to incorporate the new and special features of high temperature
superconductors. Parameters describing the waveguide performance - conductivity,
surface resistance and attenuation constant - will be computed. Potential applications in
communications networks and large scale integrated circuits will be discussed. Some of
the ongoing work will be reported. In particular, a brief proposal is made to investigate of
the effects of electromagnetic interference and the concomitant notion of electromagnetic
compatibility (EMI/EMC) of high Tc superconductors.

*Researchsupported by a grant from the Texas Higher Education Coordinating
Board's Advanced Technology Program, Project # 010366-215
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INTRODUCTION

With the high temperature superconducting materials becoming increasingly available,
the interest in their applications in microwave telecommunications is on the rise [1-9].
While the debate on their actual usage in the design of electronic and telecommunications
devices - obvious advantages versus practical difficulties - is still active, it is of great
interest to investigate the parameters that will be employed in such designs [10,11].

This paper addresses the issue of high-T c superconducting materials for
telecommunications applications. More specifically, it focuses on the design of
waveguides using high- Tc superconducting materials. The performance of a waveguide is
described by the parameters such as the surface resistance of the guide wall, signal
attenuation and power loss, maximum carrying frequency and bandwidth, maximum
transmitted power and dynamic range. Most of these parameters are determined by the
properties of the material of which the waveguide is made. High-Tc superconducting
materials provide good material properties for these parameters but they also provide
certain bounds for the improvement of the performance of waveguides. In this paper, the
parameters are investigated with existing theory for high-Tc superconducting materials.
They provide us with a better comprehension of the underlying models - their usefulness
and their limitations.

Because of these advantages, and with the high-Tc superconducting materials available,
recent years have seen a substantial increase in the attempts to employ high temperature
superconductors in microwave telecommunications applications. The high-T c
superconductors have been used in many kinds of microwave devices such as resonators,
filters, delay lines, couplers, antennas, waveguides, striplines, transmission lines,
detectors, mixers, switches, oscillators, digital interconnects, wires, etc.

The main objective of this paper is to discuss some relevant parameters of the high Tc
superconductors from the viewpoint of design of microwave telecommunications devices.
As with any new materials a careful look at the fundamental assumptions behind the
models employed should precede their actual application. The emphasis of this paper and
of the discussions presented is not the exploration of fundamental theories (though a few
suggestions as to their modification will be made) but the employment of existing
concepts and models as applied to waveguides. More specifically we study the
implications to the waveguide design based on the two-fluid model. The main intention is
provide the microwave engineer with performance data available (in terms of material
parameters) for different waveguide configurations - rectangular and cylindrical, in
particular.

BRIEF DISCUSSION OF THE TWO-FLUID MODEL

The high temperaturesuperconductingmaterialsare inherentlydifferent from their low-
temperaturecounterpartsin that they arecopper-oxidematerials, as opposed to metallic
conductors.A remarkableconsequenceof the high transitiontemperaturesof the copper-
oxide superconductors is a marked increase in the energy gap frequency and critical
current density, as well as a decrease in the cooling price. While the research efforts
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continue vigorously, at present there is no acceptable microscopic or phenomenological

theory explaining the high Tc phenomenon. In the absence of such a theory, the two-fluid
model seems to have served a reasonable starting point in the literature.

The two-fluid model was first introduced to provide a phenomenological description of
superconductivity, in analogy with that postulated for liquid helium phase transition. In
this model, the total current is assumed to be made up of a combination of normal
electrons and superconducting electron pair concentration. The normal electron
component is assumed to satisfy the weak scattering transport limit, while the
superconducting electron pair transport is assumed to be collision-free. The movement of
super-conducting and the normal electrons is expressed by the following transport
equations [12]:

md_= -qE (1)dt

and

m d(_n-----_)+ m (Vn.___))= _ q_,, (2)
dt Tn

In the above equations, _, is the velocity of the electron pairs, (_n) is the average
velocity of the normal electrons, and m and q are the mass and charge of a single
electron, respectively. The total current density is given by:

J=J +Jn,

Js = -nsqVs,

(3)
•In = -nnq(Vn),

n = nn + ns.

In Equations 3, the various quantifies have the obvious connotation: n is the total electron
concentration; and n. and n, are the concentrations of normal electrons and
superconducting electrons, and Jn, Js are the corresponding current densities,

respectively, n. and n, are assumed to obey the following expressions:

" ="[ (4)

and
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tLJ

where Tc is the critical temperature of the superconducting material.

PARAMETERS OF INTEREST - SURFACE RESISTANCE AND
ATTENUATION

Surface Resistance, R :$

The surface resistance is one of the most important parameters which determine the
performance of high-T c superconducting materials in the microwave telecommunication
applications. The reason for this is that the waveguide performance related parameters
such as the signal attenuation a, the power loss PL, noise and signal dispersion depend on
Rs. The Q factor of a resonator also depends on Rs.

With a complex conductivity, the surface resistance of a high-T c superconductor Rs can
be written as

Re lJOgllO _ Re ljcOlto Crl+ jcr2 (6)R,=

Attenuation, oc:
The attenuation of a waveguide can be obtained once the surface resistance is given.

For a rectangular waveguide operating in the TElo mode, the attenuation a is expressed
by

tz = _R,_. 2 1+ (7)

The corresponding equation for the cylindrical waveguide operating in TE mode is11

_= Rs +

aO 1- (8)

where a and b are the dimensions of the rectangular waveguide in Equation 7 and a is the
radiusin Equation8.
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MODELS OF COMPUTATIONS

The quantities computed are:

• conductivity s
• surface resistance R

s

• attenuation constant a

In the literature, two different models within the two-fluid approximation seem to be
used. One is a microscopic approach (Model A) [Mei & Liang], and the other is an
experimental fit (Model B) [Tewksbury et al.].

Model A [Mei and Liangl:
The conductivity of the superconducting material is expressed in terms of microscopic
parameters [12]:

_ n.qo) z;,n.q2z. - j n'q_ -I- , (9)
o'= m(l+co2z_) mro m(.o(l+co2_)

where _'. is the relaxation time.

Model B [Tewksbury, et all:
Another approach is the experimental fit to the two-fluid model is based on the
experimentaldata [6]

The conductivity is computedin terms of the macroscopicmeasurableparametersfrom

(_¢)4 1 (10)o"= o'. -j cO/!oX_(T)

where o'_ is the normal conductivity of the material. _,(T) is the effective penetration
depth and can be found from the equation 11, whereX(0), the effective penetration depth
at temperature T = 0, is an experimentally measurable quantity.

_,(T) = X(O)

1- (11)

RESULTS AND DISCUSSION

From a majority of the literature surveyed by us, we found that a consistent set of
parametric values does not seem to exist for any given superconductor. To obtain typical
values of the various quantities of interest, the following numerical values have been
chosen [7].

605



T_=70K, -t3z'.=2.66¥10 s, Z(0)=10-Tm , o'.=105/W m,, n = 1 0_'/(cm)3, Tc=70K
-13

_',=2.66¥10 s, ModelA: o'=0._-j0.,i ModelB: 0.=O'br--j0"bi

0. vs. T

Figures 1 and 2 summarize the plots of the conductivity - real and imaginary parts from
equation 9 versus temperature. 0.,, (sigma.a22 in the figure) and 0._,(sigma.al in the
figure) are the real and imaginary parts of the conductivity contributed by the normal
electrons and _r_,(sigma.a21 in the figure), imaginary part, is the contribution from the
superconducting electrons. Our calculations show that when the temperature is lower than
0.5T c, the major contribution to the conductivity comes from the superconducting
electrons. But as the temperature increases, the part of the conductivity due to normal
electrons can no longer be neglected.

K 9

K7

KI:

Teml_ntu_ (K)

Fig. 1 Conductivity of the superconducting materials o"= o',_-j(o'L, + 0._,)

As can be seen, the assumption made, viz., nn << ns, is not valid beyond T = 0.6 Tc.
Figure 2 summarizes the plots of the conductivity versus temperature from the two
approaches.

_7

"o ioo,
c

'*" ;, ,', ,'o ,0

Teml_C,ttur.,(tO

Fig. 2 Comparison of the conductivity obtained from Model A and Model B
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Rs vs.frequency
Figure 3 shows the variation of Rs with the frequency. The surface resistance, while
seemingly constantat low temperatures,does increaseat higher temperatures.

_.Oe- 4

1.6o-4

1.2e-4- ...._ _'4g'_

LOo- 5-

4.0e-$- *'"_d"_ 0.7Tc

80 90 100 110 120 130 140

Frequency(GHz)

Fig. 3 Surface Resistance Rs of the High-Tc Superconducting Material at
Temperatures Ranging from 0.4 T to 0.8 Tc c

a vs. frequency
Figure 4 shows the attenuationin a superconductingwaveguide. The parameterschosen

mode is a=2b=2mm,f =75GHz, and forfor the rectangular waveguide operating in TEz0 c
the cylindrical waveguide operating in the TE mode, a=l.172mm f =75GHz.11 ) C

6.0e-3 4.0e |'

0,STc

O_T_

0.6Tc
0.6To

0.0Q*0 ; :' ". 1 - - - "; - 0.0e*¢ = - ± .'_ "_ : . : : . - - - .- " _ , : -:
so /o i_o .o Iio llo ,4o ,,o .o loo .o 12o .o v,o

Frequency (GI{z) Frequency (GILt)

(a) Rectangular waveguide (b) Cylindrical waveguide.

Fig. 4 The attenuation of the superconducting waveguldes

Figure 5 shows the difference of the attenuation of rectangular and cylindrical waveguide
modes from superconducting ( at temperature 0.8 Tc) and normal material.
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Fig. 5 Attenuation of the superconducting ( T=0.8T ) and normal waveguidesc

The results show that as the temperature increases, the dependence of the waveguide
parameters on the frequency is more prominent at higher temperatures.

As we can see from the above calculations, some parameters have to be chosen before the
conductivity can be calculated. Even though both approaches are based on the two-fluid
model, there is a lack of common basis for the choice of the parameter, this constitutes
another difficulty in calculating the conductivity of the superconducting material
employing the existing two-fluid model. Our calculations show that although there is no
common basis for the choice of the conductivity calculations, the trend of variation of the

with temperature is similar.

As can be seen, the values of c obtained are different. At the very least, this seems to
point to a certain non-trivial ambiguity that is present in these types of overly
phenomenological approaches.

RECOMMENDATIONS FOR IMPROVEMENTS

As seen from the computations, two aspects seem to be clear:

• the usual approximation made in the two-fluid model - relative smallness of
the normal electron concentration with respect to the superconducting electron
pair concentration - is questionable at temperatures higher than about 0.6 Tc.
Also, the collision-free nature of the superconducting component transport
cannot be correct, since there does exist a maximum current at a given
temperature; and

• within the two-fluid model, there seem to be differences in terms of the
computed parametric values, leading to ambiguities in the choice of
appropriate value for the design parameters for the waveguides.

The modifications that seem necessary are:

• a more accurate (velocity-limiting) mechanism for the superconducting
current component;
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- a more physically acceptable mechanism for transport for electrons in the
normal state - the two-fluid model assumes the usual diffusive, weak
scattering transport; and

• a consistent set of values for microscopic parameters that are used in the
design process of superconducting devices.

ONGOING WORK

Several generalizations and related aspects are being addressed in our group:

• modification of the two-fluid model to include:
• a more accurate description of the transport process for the normal

component _n; and
• a physically admissible "velocity saturation mechanism" for the

superconducting component Cs;
• computation of power transmitted and received and the associated

dynamic range and bit error rate;
• development of a comprehensive object-oriented database for high Tc

superconductors;
• development of an "intelligent design system" for design of

superconducting waveguides; and
• development of a circuit simulation program for superconducting circuits.

EMI/EMC OF SUPERCONDUCTING CIRCUITS -A PROPOSAL

This brief section addresses the issue of electromagnetic interference (EMI) and
electromagnetic compatibility (EMC) as applied to high Tc superconducting elements and
circuits. The intrinsic damping due to electrical resistance in a normal circuit accounts for
a major portion of the system EMC. In superconducting circuits, however, such a
resistance is close to zero, so that new approaches are needed to determine the conditions
under which a system is said to possess a certain minimum degree of electromagnetic
compatibility.

Traditionally, the standard approach to the control of electromagnetic effects has been to
build the system first, measure the EMI problems and then fix them in a largely empirical
way. Our contention is that such a control should be incorporated at the design level.
More precisely, the approach taken should be somewhat parallel to that taken during the
development of VLSI design, namely that the designers have computer-derived design
rules and design-checking programs that give advance warning of problem areas before
anything is actually built. Our main goal here consists of seeking to establish such a well-
defined procedure for the case of EMI-related problems, viz., minimize EM emissions
and susceptibility to external emissions which maximize EM compatibility.
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CONCLUSIONS

This paper reported part of the research conducted by our group on the application of
existing models and concepts to the design of microwave telecommunications devices.
The major conclusions were that: some of the approximations involved in the usual
waveguide design are not valid at high frequencies and temperatures close to the
transition temperature; and the two-fluid model needs non-trivial modifications for
accurate applicability to a real high Tc superconductor.
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HTS THIN FILMS: PASSIVE MICROWAVE COMPONENTS AND SYSTEMS
INTEGRATION ISSUES

F. A. Miranda, C. M. Chorey1, and K. B. Bhasin
National Aeronautics and Space Administration
Lewis Research Center, Cleveland, OH. 44135

ABSTRACT

The excellentmicrowavepropertiesof theHigh-Temperature-Superconductors(HTS)havebeen
amplydemonstratedin the laboratoryby techniquessuch as resonantcavity,powertransmission
and microstrip resonator measurements. The low loss and high Q passive structures made
possiblewith HTS,presentattractiveoptionsfor applicationsin commercial,militaryand space-
based systems. However,to readily insertHTS into thesesystems improvementis neededin
such areas as repeatabilityin the depositionand processing of the HTS films, metal-contact
formation,wire bonding, andoverallfilm enduranceto fabricationand assemblyprocedures. In
this paperwe presentdata compiledin our lab whichillustratemanyof the problemsassociated
with these issues. Muchof this datawere obtainedin the productionof a spacequalifiedhybrid
receiver-downconvertermodule for the Naval Research Laboratory's High Temperature
SuperconductivitySpaceExperimentII (HTSSE-II).Examplesof variationsobservedin starting
films and finished circuits will be presented. It is shown that under identicalprocessing the
propertiesof the HTS filmscan degradeto varyingextents. Finally,we presentdata on ohmic
contactsand factorsaffectingtheir adhesionto HTSfilms, strengthof wire bondsmadeto such
contacts,and agingeffects.

I. INTRODUCTION

Thedesirablepropertiesandpotentialbenefitsofthehigh-temperature-superconductors(HTS)
havebeen well established[1]. Numerouspublishedpapers on both the basicpropertiesof the
materials and their application in prototype circuits have demonstrated that significant
improvementcanbe madein certaincomponentsand systemsby includingHTS [2-4]. As efforts
continuetowardsthe inclusionof HTS-basedcircuits in workingsystems,attentionis turningto
issuesregardingthe qualityandreliabilityof theHTScomponents.Theseincludeuniformityand
repeatabilityof the startingHTSfilmsand substrates,stabilityof the materialthroughprocessing
and assembly,formationof ohmiccontactsto the HTS filmsand the ability to bond reliablyto
thesecontacts. Gaugingthequality of a givenHTS componentor processis a subjectivematter
dependentupon the intended applicationand operating environment. While componentsare
routinelyproducedfor laboratorydemonstrationsand experiments,the more stringentdemands
of componentsfor real systemsrequirea higher level of materialand processingcontrol.

The NavalResearchLaboratory'sHighTemperatureSuperconductivitySpaceExperimentII
(HTSSE-II)hasrecentlyprovidedan opportunityto assesstheabilityof currentHTStechnology

INYMA Inc., 20001 Aerospace Parkway, Cleveland, OH., 44142
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to producecomponentsfor a spacequalifiedsub-system.For HTSSE-IIa hybridsemiconductor-
superconductormicrowavereceiver-downconverterwasdesignedand assembledwith a level of
spacequalificationconformingto a class 'D' spaceexperiment[5]. This qualificationprocess
followedMIL-STD-883and coveredbasic issuessuchas shockand vibration,bondpull strength,
die shear strengthand hermiticity. Basicconcernssuchas these are of interest in any systems
application.

The topics covered in this paper relateprimarilyto the quality and durabilityof the HTS
films and devicesas they are subjectedto the various fabricationand assemblysteps necessary
to producea packageddevice. Wepresentdataon theuniformityof the startingmaterialand the
resultant spread in the material's properties as it is subjectedto the various processing and
assemblysteps. Also, we examine the ohmic contactsto the HTS material in terms of the
adhesionto the HTS material,the strengthof wire bondsmadeto those contactsand the contact
resistivity (p_). The data presentedhere are not the result of a systematicstudy but rather are
observationsrecordedin thecourseof producingtheHTSSE-IImodulein our laboratory. Hence,
aspectsof this work may not be fully complete.It is hoped, though, that the material covered
here will providea guide to the furtherdevelopmentof HTS devicesfor practical systems.

II. HTS FILM UNIFORMITY/REPEATABILITY

As HTSmovestowards insertionintopracticalsystems,uniformityof the componentsis of
major importance; HTSdevicesmust have repeatableand predictableproperties. The demands
are especiallystringentfor superconductingdevicesas many of the applicationsare in highly
frequency selective, high 'Q' componentssuch as narrow band filters or oscillators where
variations of a few percent can have significant impacton the desired device characteristics.
Variationsin the final performanceof a device can arise from many sources. Some obvious
factorsare the dielectricpropertiesof the substrateor the physicaldimensionsof the structures
such as the etchedline widthsand substratethicknesstolerances. For HTS thepropertiesof the
electricalconductor,theactual superconductingfilm, are alsoof importance,affectingthe device
performancethroughfactorssuchas theT,, the microwavelossesand the internal inductanceof
the superconductinglines. Whilethe qualityof commerciallyavailablefilmshas improved,the
variationsroutinelyfoundareof the order of severalpercent. For example,Table 1.a showsthe
measuredT,'s from several unprocessedmagnetron sputteredfilms. It is seen that even for
piecesfrom a singlewafer (samples1-4)there is a spreadin T_of severaldegreesamountingto
-2 %variation. Variationsof thesameorder are foundwhencomparingT,'s of wafersproduced
in the samechamber(samples5,6). Similarvariationsareobservedin filmsproducedby other
growth techniquessuch as laser ablation,as noted in table 1.b.

The pieceto piecevariation canbe seen in the microwavepropertiesas well. Table2 and
Figure 1 show the T,'s and measuredQ's from five ring resonatorspatternedfrom laserablated
films. Despite the high values and small spread of the To's exhibitedby these films there is a
significantspread in the unloadedQ's as well as a variation in the resonantfrequencyat 77 K.
All resonators showedmeasurableQ's up to 90 K suggestingthat any possible Tc degradation
during processingwasvery small. Sincethe processingwas the samefor thesesamples, it may
be suggestedthat the observed film-to-filmvariationof the unloadedQ's is determinedby the
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morphologicalandstructuralproperties(i.e., grainboundaries,vacancies,surfaceroughness,etc)
of the particularfilm.

In additionto whatmaybe inherentdifferencesin the HTSfilmproperties, degradations(as
measuredby To)were observedfor some filmsasthey wereprocessedinto circuits. As a means
of monitoringthis, films typically2500-3500A thick on 20 mil thick LaA103substrateswere
obtainedfrom commercialvendors. Films grownboth by laser ablationand off-axismagnetron
sputteringwere investigated. A four-point-probetechniquewas used to measurethe Toof the
films as receivedand at intermediatestepsas the filmswereprocessedinto test patterns. After
the initial To measurements (no processing involved), the following process steps were
investigated:

(1) Pattern etching:
a. Cleansample's surface:5 min. in acetonein ultrasoniccleaner, followedby

5 rain. in ethanolin ultrasoniccleanerandblowdry with nitrogengas (GN:).
b. Spin coat positivephotoresist(AZ4210);softbakeat 90°Cfor 30 min.
c. Expose (1.5 min at 20 mW/cm2) and immerse in developer (4:1

H20:AZ400K developer) for 2.5 min. with constant agitation; rinse in
deionized(DI) waterand blow dry in GN:.

d. Etch samples:
i. In dilutedH3PO4(H20:H3PO4)100:1concentration;coolsolutionto

roomtemperature;etchfor 20see.; remove,rinse, and blowdry; re-
etch as requiredin 10 see. intervals.

o...[r:
ii. Etch as abovein saturatedEDTA.

e. Strip photoresist:
i. Soakin acetone5 min.
ii. soak in methanol5 min.

f. Perform Tomeasurements.

(2) Contact deposition:
a. Spinon positivephotoresist(AZ4210);softbakeat 70°Cfor 30 min.
b. Exposeat20 mW/cm:and soak in chlorobenzenefor I0 min. at 23°C;blow

dry in GN2;bakefor 5 min.
c. Developcontactpattern (usingShipleyCD-30Developer);Solution

temperature25+ I°C; developfor -2.5 min. with constantagitation;rinse
in DI water and blow dry in GN2.

d. Perform 02 plasma(50 W rf) cleaningfor 30 see.
e. E-beamevaporate:1000A silver followedby 1500/_,of gold.
f. Liftoff:soakin acetone,5 min.; soakin methanol,5 min.; blowdry in GN2.

(3) Contactanneal:
a. Purge tube furnace with 5 SLM of 02; insert sample at 200°C; ramp

temperatureat 20°C/min.to 425°Cin 5 SLM 02.
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b. Reduce 02 flow to 1 SLM and hold sample at 425*C for 50 min. Cool
slowly to 200°C at I SLM 02; remove sample from furnaceat T<200°C.

e. PerformT_measurements.

In additionto the aboveprocessing steps, the integrationof individualHTS-based components
intothe completeHTSSE-IIreceiverrequiredsome additionalprocessing steps. The firstprocess
cured a silver-based epoxy used to attachsemiconductordie to the superconductingcircuit, this
epoxy and heat curing was also separatelyused to attach the complete HTS circuit to a metal
(gold platedKOVAR) sub-carrier. The secondprocess was a vacuumbake-outused to drive off
adsorbedmoisture immediatelyprior to the hermetic sealing of the receiver package.

(4) Epoxy cure cycle treatment:
a. Heat in air at 150°Cfor 1 hr.
b. Perform T_measurements.

(5) Vacuum bake-out:
a. Heat under vacuum (< 10 mtorr) at 100°C for 24 hr.
b. Perform Tomeasurements.

Figure2 showsa chartof T_followingtheprocessingsteps as observedfor laserablated(LA)
and magnetronsputtered(MS) YBCOthin films. For the laser ablatedsamplesthe T_did not
changeappreciablyas a functionof the processingsteps, althougha small drop in T_ (lessthan
1 K) was observedfor the sampleetchedwith H3PO,afterthe annealingin oxygen. These two
samplesbelongedto the samewafer and theirbehaviorsuggestthat sampleswith T,'s > 90 K are
less sensitiveto processing. The sputteredsamplesexhibiteda greater sensitivityto processing
and showeda wider variationin T_degradation. Sampleswith similarTis at step 1 and 2 show
differentbehaviorwith respectto processingduringthe remainingprocessingsteps (e.g., MS1
and MS2). It is also apparentthat for the magnetronsputteredsamplesstep 3 appears to be a
"turning-point"with regardsto their T_values. The annealingstep was further investigatedby
subjectingunprocessed(i.e. unetched,unmetallized)filmsto the annealingcycleand monitoring
the To. The results of this test are shownin table 1.a and showa great sensitivityand apparent
randomvariabilityof the sampleToto annealing. This behaviorwas characteristicof manyof
the magnetronsputtered and, to a lesser extent, of the laser ablatedsamplesexaminedin our
laboratory.

III. OHMIC CONTACTS

Another area important for HTS applicationsis the formationof ohmic contactswith low
contact resistivity, good adhesionand characteristicswhich allowthe formationof strong wire
bonds. In producing the HTSSE II circuits, the strength of wire bonds made to the ohmic
contactswere foundto be highly dependenton the processused to produce the contacts. Wire
bond strengthswere determinedby conductingpull tests as outlinedin MIL-STD-883and were
performedfor 0.7 mil gold wire and 1 X2 mil gold ribbon. In general, theprocedurenecessary
to producea qualitycontactdependeduponthe depositionmethodused to producetheHTS film,
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i.e. dependedupon if the film was producedby laser ablationor magnetronsputtering. For
magnetronsputteredsamples,the following"types"of contactswere studied:

(1) Type-l:
a. E-beamevaporationof 1000/_,of silver followedby 1500/_,of gold.
b. Annealingat 425°Cin 02 for 50 min., cool to room temperaturein flowing

02.

(2) Type-2:
a. 02plasmacleaning,50 W, 1 min.
b. E-beam evaporationof 1000/_ silver followedby 4000/_,of gold.
c. Annealing;sameas for type 1.

(3) Type-3:
a. 02 plasma cleaning,50 W, 1 min.
b. E-beamevaporationof 500 ,/_silver followedby 4000/_,of gold.
c. Annealing;sameas for types 1 and 2.

Results of the pull tests are shownin Figs. 3 (1 X 2 mil ribbon)and 4 (0.7 mil wire). The
results showincreasingpull strengthsfrom contacttype 1to type3, withonly type3 consistently
showingstrengthswhich meetMIL-STD-883.The increasingbondstrengthcorrelateswith the
decreasing fraction of silver in the contact metallization. The original rationalizationfor
depositingsilverwas to lowerthecontactresistance. However,thesetests indicatethat thesilver
has a negativeeffecton the bond strength.

Similar studieswere done with samplesdepositedby laser ablationto determinethe effectof
cleaningthe HTS surfaceprior to depositionof the contactmetallization. Three processesfor
cleaningthe surfaceof the contactareawere compared:a surfaceetch using dilutehydrofluoric
acid, a surfaceetchusing dilutedphosphoricacid, and an oxygenplasmadischargeclean.

(1) Process-1:
a. Dip in HF:H20 1:I0 for 10sec.; rinse in DI water and blow dry in GN2.
b. E-beam evaporate500/_, of silver followedby 4000/_,of gold.
c. Annealin 02 at 425°Cfor 50 min; cool to room temperaturein flowingO2.

(2) Process-2:
a. Dip in H3PO4:H201:100for 4 sec.; rinse in DI waterand blowdry in GN2.
b. Sametype of metallizationand annealingconditionsas in process-1.

(3) Process-3:
a. O2plasma cleaning,100W, 1 min.
b. Sputtering,40 milliamps,25 sec. (removedapproximately200/_ of YBCO).
c. E-beam evaporationof either, (i) 4000/_ of gold or (ii) 500 /_ of silver

followedby 4000/_ of gold.
d. sameannealingconditionsas in (1) and (2).
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Pull tests of lx2 mil gold ribbon bonds on these samples produced widely different results.
Contacts produced by processes (1) and (2) resulted in pull strengths below 2 grams for all bonds.
Contacts made using process (3) had better pull strengths as shown in Fig 5. Two observations
are made from these tests. First, cleaning of the HTS surface by the wet etchant process was
extremely detrimental to the pull strength. (Similar results were observed in early tests on
magnetron sputtered films: very poor pull strengths for surfaces cleaned with a phosphoric acid
etch). Second, for contacts produced by process 3, the pure gold contacts have better pull
strength than the silver-gold ones again illustrating the negative effect of silver on the contact pull
strength. A three-point-probe technique was used to measure the contact resistance (po)for these
contacts; po=2.8x10 _ ft-cm2 and po=9.1xl0 _ fl-cm2 were measured for the gold contacts at 10
K and 77 K, respectively. For the silver-gold contacts p,= 1.3x10_ fl-cm2 for both 10 K and 77
K. These values are consistent with those reported by others [6].

Two other contact types were examinedduring the HTSSE II project. The first was a
sputteredcontactconsistingof 250 nm of silver followedby 250 nm of gold. Initialtests made
whenthe samplesarrivedin our laboratoryshowedmoderatepull strengthsfor both 0.7 mil gold
wire bonds (>2 g) andfor 1 X 2 mil gold ribbonbonds(- 10-16g). In subsequenttests made
after - 3 monthsof storage in a dry box the 0.7 mil wires couldnot be bondedto the contacts.
The 1 X 2 rail ribbons bonded as before and showedsimilar pull strengths as the initial tests.
Augeranalysiswasperformedon thesecontactsandinsteadof a layeredgold/silverstructurethe
contactmetallizationswere foundto be intermixedanda uniformmixtureof gold andsilver from
the top surface to the HTS interface. Since the 0.7 mil gold wire has a muchsmaller bonding
area, its bond strengthis muchmore sensitiveto the surfaceproperties. It is speculatedthat the
silver at the surfaceof the contactmaybe oxidizedand preventthe formationof a strongbond.
The secondcontactexaminedwasa pure gold in-situdepositedcontactfabricatedatJPL's Micro-
devicesLaboratory [5]. The bondingpropertiesof these contactswere very good (- 18-20g),
consistentlyproducingpull strengthsfar in excessof the MIL-STDminimumvalues.

CONCLUSIONS

In this paper wehavepresenteddata on someof theprocessingissuesof HTS thin filmsfaced
duringour workwithHTS-basedcomponentsfor theHTSSE-IIexperiment.It wasobservedthat
not only filmsdepositedby differentmethodsbut also thosedepositedby the sametechniquecan
show variationsin their initial properties(as evaluatedby To). These initialvariationsbetween
samplesbroadenas the HTS films areprocessedand assembledinto componentswiththe result
that finished devices rarely have identical performance. We studied, also, several contact
processingtechniqueswith the intent to identify a processproducinglow contact resistanceas
wellas goodbond strength. Thepresenceofsilver in the contactmetallizationwasfoundto have
a negativeeffecton thebondingpropertiesofthe ohmiccontacts. Surfacescleanedwith a plasma
dischargeshowedbetter mechanicalpropertiesthanthose cleanedwith either a hydrofluoricor
phosphoricacidetch. Thebestcontacts,intermsof bondingstrengthandrepeatability,werepure
gold contactsdepositedin-situ. In viewof the datapresentedherewe believethat despiteall the
successfulHTS-basedcomponentsdemonstratedso far there is still work to be done aimed at
improvingthe uniformity, repeatabilityand robustnessof these materialsso that their excellent
electricalpropertiescanbe fullyexploitedin real microwavecomponentsand systems.
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Table1.a

TcVariationsBeforeandAfterAnnealingfor

Unpatterned and NonmetallizedYBCOon LaAIO3
ThinFilms*

Sample Wafer InitialTc(10 Intercepta RnalTc(K)!Intercept
1 Wafer1 87.0 0.163 59 0.306

2 Wafer1 90.8 0.046 74 0.250

3 Wafer I = 90.8 0.046 85.5 0.224

4 Wafer 1 88.0 0.138 <87 0.250

5 Wafer._ >89.5 -0.016 >89.7 0.067

6 Wafer3 >89.5 -0.046 >89.7 0.019

a) Interceptwith ordinate axis representing(R/Rmax)x 10, R=resistance.

,,) Filmsweredepositedbymagnetmnsputtering.
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Ta_e 1.b

Variation for Unpatterned and Nonmetallized

Laser Ablated YBCO on LaAIO3Thin Films

Sample Batch Tc (K) Sample Batch Tc (K)
1 1 90.47 10 1 88.71

2 1 90.58 11 1 90.42

3 1 90.69 12 1 89.91

4 1 89.41 13 1 90.61

5 1 89.66 14 2 87.67

6 1 89.71 15 2 88.42

7 1 89.35 16 3 88.83

8 1 90.13 17 3 89.69

9 1 90.90 18 3 89.50

Table2

and Q Data for Double Sided Laser Ablated

YBCO on LaAIO3Thin Films
Sample # ConductorLevel Tc(K) Q (@T/K) f (GHz)

294 Stdp 91.55 5040 8.407
GroundPlane 90.24

295 Strip 91.19 3005 8.404
GroundPlane 91.11

296 Strip 91.48 1077 8.420
GroundPlane 91.29

297 Stdp 91.13 2483 8.419
GroundPlane 90.52

298 Stdp 91.18 2273 8.417
Grot_ Plane 90.70
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Fig 1. Unloaded quality factor (Q) versus temperature for 8.4 GHz ring resonators etched
on laser ablated YBCO on LaA103.
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Fig 2. 1"=versus processing steps for laser ablated(LA), magnetronsputtered (MS) and
"smooth"magnetronsputtered(SMS)YBCOthinfilmson LaA103.The processing
steps are: 1) As received2) wet etching (either with EDTA or H3PO,, 3) contact
depositionand annealing,4) epoxy curecycle, 5) vacuumbake-out.
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Abstract

The technology of high temperature superconductivity has gone from beyond
mere scientific curiosity into the manufacturing environment. Single lengths of
multifilamentary wire are now produced that are over 200 meters long and that
carry over 13 amperes at 77 K. Short-sample critical current densities approach
5 x 104A/cm2at 77 K. Conductor requirements such as high critical current
density in a magnetic field, strain-tolerant sheathing materials, and other
engineering properties are addressed. A new process for fabricating round
BSCCO-2212 wire has produced wires with critical current densities as high as
165,000 Ncm2at 4.2 K and 53,000 A/cm2at 40 K. This process eliminates the
costly, multiple pressing and rolling steps that are commonly used to develop
texture in the wires. New multifilamentary wires with strengthened sheathing
materials have shown improved yield strengths up to a factor of five better than
those made with pure silver. Many electric power devices require the wire to be
formed into coils for production of strong magnetic fields. Requirements for coils
and magnets for electric power applications are described.

Introduction

Since the discovery of the rare-earth-doped oxide, or high temperature, super-
conductors, private companies have been developing wires and cables for
energy-related applications. 1 Wires under development contain bismuth-based

This paper is declared a work of the U.S. government and is notsubject to copyright
protection in the United States.
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2212 and 2223 phase materials and the new thallium powder. The largest
market for low critical temperature wire continues to be for medical imaging and
high energy physics experiments. However, new markets are developing for high
temperature superconducting wires due to reduced refrigeration and capital
equipment costs associated with operating electric power equipment at
temperatures above 20 K (see Fig. 1).

Private companies have now devel-
oped oxide superconducting powder

I-.....--=,,_,,,,,1--- processes and wire fabricated from
._ the powders as well as prototype

components for electric power appli-
cations. Such applications include
electric motors and generators,
transmission lines, fault current

•, limiters, and current limiting reactors
, and inductors0 10 _ 30 Q m m fll a N NO ,10 ,N

T_mut11_

.:::;:.,ii.ii:ili;iiiiiiiCurrent01_lratlllgRangeofBSCC0W#esat Fields• 1T Superconductin,qWire Development

Fig. 1. Refrigeration power require- Silver-sheathed wires are made using
ments vs operating temperature, a powder-in-tube technique.2

Powders are placed into hollow cylinders of silver or silver alloys, sealed, and
then processed using a powder-specific series of heat treatments and deforma-
tion steps to yield the final, superconducting phase assemblage as well as the
desired final form of the wire. Wires may be produced in either flat "ribbon," or
tape form (the same final shape used to produce some low-temperature Nb3Sn
wire) or left in a conventional round shape. An optical photomicrograph of the
cross section of a 37-filament, 215-m-long tape is shown in Fig. 2.

This wire carries 13 amps at 77 K and has a core critical current density (Jc) of
10,000 A/cm2. A monofilament wire of the same phase assemblage carried 20
amps at 77 K. As shown in Fig. 3, there is presently more controlled uniformity
in critical current over the wire length with the multifilamentary wires. In addition,
short (<1 m) lengths of prototype wires now routinely carry nearly 50,000 A/cm2
at 77 K. The BSCCO-2223 phase, however, will have limitations for high-field
applications at liquid nitrogen temperatures due to flux motion. This limitation
can become severe for flat tapes used in large coils where there may be a large
component of the magnetic field in the direction perpendicular to the plane of the
tape. Because of these anisotropy effects, and because the round conductors
may offer advantages for use with ac current, several companies are exploring
the use of round, multifilamentary BSCCO-2212 superconductors for applica-
tions below 40 K.
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Fig. 2. Optical photomicrograph of Fig. 3. Variation in critical current
mulitfilament BSCC0-2223 wire after density over length for multifilamentary
heat treatment. There are 37 filaments (solid line) and monofilamentary
of 45-gm thickness. (dashed line) wires.

Round wires show promise

Marketability of the wire, a key concern for any wire manufacturer, can be
enhanced by reducing manufacturing steps and by improving material properties
over long lengths. Short twist pitch lengths are desirable to enable low-loss
operation in the presence of ac current or time-varying magnetic fields as may
be present in rotating machinery. Round, multifilament wire processed by the
powder-in-tube process is inherently well-suited to the manufacture of long cable
lengths. In this case, the superconducting properties are developed through a
melt process rather than a roll and sinter operation typical of flat tapes. Fig. 4
shows the microstructure of a 259-filament BSCCO-2212 round wire that carries
165,000 Ncm 2at 4:2 K. The Jcincreases with decreasing filament diameter,
with the highest Jcoccuring in round wires with 11-1_m-sizefilaments.3 A
summary of typical critical current densities in powder-in-tube wires is shown in
Fig. 5.

The Ener,qyApplications

National laboratories have teamed with U. S. industry to enable development of
energy applications for the high temperature superconducting wire. Some
teaming arrangements take the form of cooperative agreements, which involve
no exchange of funding but provide private companies the unique facilities and
skilled scientists and engineers necessary for wire development. The national
laboratories have active research and development activities under way in most
of the energy applications of superconductors, and these partnerships support
the goals of each organization.
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Fig. 4. Optical photomicrograph of Fig. 5. Critical current density as a
259-filament BSCCO-2212 round wire function of operating temperature for
(before heat treating) with 16-_m round and tape-form multifilamentary
average filament width. Wire diameter conductors.
is 0.05 cm.

High temperature superconductors are being developed for applications such as
fault current limiters4'current downleads,s magnetic bearings for energy storage
systems,_ motors,9'1°and generators./_ Application of the wires has also been
suggested for inductors for switching power supplies_2and for transformers./s At
least one group has developed a motor/generator concept with stationary super-
conducting magnets14to simplify the cooling system. A good overview of the
potential applications of high temperature superconductors in the power area
may be found in several of the references.1'_s

Wire and Ma,qnetPerformance Requirements

Wires must be capable of enduring bending strains of at least 0.2% for most
energy applications. One means to increase the strain tolerance of wires and
tapes is to strengthen the silver sheath. This sheath becomes work-hardened
after the deformations and heat treatments required to produce the wire. A
promising technique for strain enhancement is to add aluminum oxide (AI2Os)to
the silver. As shown in Fig. 6, such dispersion-hardened sheathing can increase
the yield strength of the wires by a factor of five.

Coils and magnets must have high overall winding critical current densities,
acceptable strain, electrical, and thermal properties, and low joint resistance
between lengths of wire.16The losses must be minimized in the presence of ac
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- currents or other sources of time-
, ,scco,,-,,,o3 varying magnetic fields, and detection
" and magnet protection systems must
" be provided for in the event of a
,. ,, =22.6k_i co,, quench. Although quench propagation

velocities are expected to be low,
normal zone voltages will be
adequate to allow detection of normal
zones before the conductor
overheats.17

1° A= :ll u

Time(.,co) While early magnets were fabricated
using a "wind-and-react" technique,2

Fig. 6. Effect of AI203addition to silver most recent magnets are now made
sheath for powder-in-tube wires, with pre-reacted wire. These magnets

required the developmentof efficient react-and-wind fabrication approaches, with
low-temperature insulation and epoxy impregnation techniques to maintain the
wire's superconducting properties. Record performance for a high temperature
superconducting magnet was achieved using a stack of ten pancake coils and
three co-wound tapes per pancake (Fig. 7). In a 1-in. bore, the coil produced a
field of 2.6 T at 4.2 K and 1.8 T at the relatively warm temperature of boiling
neon (27 K).18This magnet also produced a record 1.0 T at 4.2 K with a 20-T
background field.

Cost Targets

Estimates for the desired cost of the high temperature superconducting wire vary
depending on the application and the expected life-cycle costs of the equipment
compared to traditional, non-superconducting, or low temperature superconduc-
ting versions of that same equipment. For the rotating machinery applications,
wire manufacturers have suggested cost targets in the $5-10/kA-m range.
Power applications in which the superconductor remains stationary, such as fault
current limiters or transmission cables, may command a premium of 2-10 times
this cost. By comparison, NbTi wire may be purchased for as little as $1.50/kA-
m, depending on the wire specifications, and Nb3Sntape is typically $4-8/kA-m,
again depending on wire performance.

Early commercialization expected

Some of the earliest commercial prototypes for high temperature superconduc-
tors will come from power applications that have less stringent field requirements
compared to the large rotating machines. These applications, which include
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fault current limiters, inductors and
transformers, and transmission lines
will see full commercial service within
the next 5-8 years with continued
progress in wire development.

The energy applications that require
strong magnetic fields, such as
motors and generators, also continue
to be developed in the United States
and abroad. The U. S. Department of
Energy's Superconductivity Partner-
ship Initiative is providing cost-shared
contracts to three industry teams.
The teams will develop a 100-hp
prototype motor, the design and coils
for a 100-MVA generator, and a
prototype fault current limiter. Electric
utility participation on the teams will

Fig. 7. Prototype high temperature assure a customer focus on the part
superconducting magnet showing con- of the systems developers and the
struction similar to world-record 2.6-T national laboratories. Development of
magnet (4.2 K). Coil consists of a four- full commercial products is expected
high stack of double pancake modules, to occur during the next 7-9 years.

Summary

A summary of the wire performance requirements for four different energy appli-
cations of high temperature superconductors is shown in Table 1.19Wire is
being developed with the requisite current-carrying performance at intermediate
temperatures to enable early prototype equipment to be designed and fabri-
cated. Cost and manufacturing issues are being addressed by producing round
wires with superior electrical transport properties and with great potential for use
in ac current and field applications. Strengthened sheathing has been
developed to improve the strain tolerance of the wires. Numerous new markets
are expected to develop in the electric equipment industry as a result of the
development of high temperature superconducting wires.
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Table 1. Performance requirements for high temperature superconducting wire

Wire Bend

Electric power Jo Field Top Io length Strain radius
application (Ncm 2) (T) (K) (A) (m) (%) (m)

Fault-current limiter 104-105 1-3 20-77 103-104 100 0.2 0.1

Large motor (1000 hp) 105 4-5 20-77 500 1000 0.2-0.3 0.05

Generator (100 MVA) 5x104 5 20-50 1000 2000 0.2 0.1

Transmission cable 104-105 <0.2 77 25-30a 100 0.4 2

aCurrent in individual wire. Cable will have 100 or more parallel wires.
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MECHANICAL PROPERTIES OF HIGH-TEMPERATURE

SUPERCONDUCTING WIRES
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ABSTRACT

Bending strength, fracture toughness, and elastic modulus
data were acquired for YBa2Cu3Ox, Bi2Sr2CaCu2Ox,
(Bi,Pb)2Sr2Ca2Cu3Ox, and T12Ba2Ca2Cu30x bars. These
data and thermal expansion coefficients strongly suggest
that the maximum possible tensile strain without fracture
of bulk tapes or wires is =0.2%. In Ag-clad conductors,
residual stresses will be of limited benefit, but fractures
produced by larger strains can be accommodated by
shunting current through the Ag.

INTRODUCTION

Large-scale application of high-temperature superconductors
requires high critical current (Ic) and critical current density (Jc). In
addition, the superconductors must also exhibit mechanical reliability and
chemical and cryogenic stability. 1 In this paper, mechanical property data
are summarized for Ag, YBa2Cu30x (Y-123), Bi2Sr2CaCu20x (Bi-2212),
(Bi,Pb)2Sr2Ca2Cu30x (Bi-2223), and T1Ba2Ca2Cu30x (T1-2223) and
implications on wire performance are assessed.

EXPERIMENTAL METHODS

The Ag was 99.9% pure and was purchased as 6.35-mm-diameter
rods. 2 The Y-123 powder was synthesized by solid-state reaction at reduced
02 pressure, 3 and bulk bars were fabricated by cold-pressing and sintering
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in 02; in some cases, Ag particles were added.4, 5 The Bi-2212 powder was
Bi2Srl.TCaCu2Ox that was consolidated into dense, highly textured forms by
sinter forging.6,7 The Bi-2223 was Bi1.8Pbo.4Sr2Ca2Cu30x that also was
consolidated by sinter forging.7-9

The T1-2223 powder was prepared as Wl2Ba2Ca2Cu3Ox from reagent-
grade oxides and carbonates. Pellets were cold-pressed and then heated in
02 at a rate of l°C/min to 895°C and held for 10 h. The furnace was cooled at
l°C/min to 650°C, held for 5 h, and then turned off, and the pellets were
cooled to room temperature. X-ray diffraction revealed that the pellets were
highly phase pure. lo

Geometric densities and microstructures were obtained for all
specimens. Elastic-modulus (E) data were obtained from the literature 11-14
or measured by ultrasonic methods. 6

Strength tests were conducted on bars approximately 3 x 3 x 25 mm.
The bars were tested in four-point flexure at a loading rate of 1.27 mm/min.
Fracture toughness (K) values were determined by the single-edge notched
beam method. 15 The test bars were similar to the bars used for strength
testing and were loaded in three-point bending at a rate of 1.27 mm/min. K
was calculated from the equation

K = 3PLY(C) o.5/Bw 2, (1)

where P is the load at fracture, L is the support span (14-19 mm for these
tests), Y is a constant related to specimen geometry, 15 C is the notch depth,
B is the specimen width, and W is the specimen height.

RESULTS AND DISCUSSION

Data for E, strength ((_), and K are shown in Table 1. The values quoted
were taken from materials of high phase purity and density (p). The T1-
1223 data are new and were obtained from specimens that were = 88%
dense. By available mathematical approximations, these values can be
related to those of more dense materials.16,17

The data set for Y-123 was taken from dense, nearly randomly oriented
polycrystals. The Bi-based specimens, except the Bi-2223 specimen used to
determine E, were highly textured. The T1-2223 exhibited little texture, but
also was less dense than the other specimens. Photomicrographs of
representative microstructures, obtained by either optical microscopy or
scanning electron microscopy (SEM), are shown in Fig. 1. Of all of the
specimens, only the Bi-2223 used for (_and E testing exhibited appreciable
phase impurity: =10% total of Bi-2212 and alkaline-earth cuprates were
present. 9

The Vickers hardness of the T1-2223 was 2.9 GPa, which is closer to
that of Y-123 than of the Bi-based materials.6, 2o Based on the similarity of
microstructure, hardness, and modulus, it appears that the
mechanical properties of the Tl-based superconductors will be close to those
of Y-123.
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Table 1. Summary of mechanical-property data and approximate specimen
densities for Ag, Y-123, Bi-2212, Bi-2223, and T1-2223.

Material p (g/cm 3) E (GPa) g (MPa) K (MPa_]m) References

Ag 10.6 77 200* -- 18

Y-123 6.3 148 230 1.5-2.0 4,12,19

Bi-2212 6.5 118, 44** 150 3.0 9,14

Bi-2223 6.4 82 150 3.0 9,11

TI-2223 6.0 101 -- 1.2 This work

* Value for average yield stress.
** Values are for highly textured specimens and represent the a-b plane

and c-axis direction.

Figure 1. Representative microstructures: (a) optical image of Y-123,
(b) SEM image of Bi-2212 fracture surface, and (c) SEM image of T1-2223;

bars = 10 _n.

Although further improvements in strength and fracture toughness
can be expected, possibly through creation of composite structures, 21 the
values in Table 1 are likely to be close to those of commercial bulk
superconductors. These properties define the limits of flexibility of wires
and tapes. For any wire or tape of thickness 2t, the bending radius R is
defined as 22

635



= (t / R) E. (2)

For a typical strength of =200 MPa and a typical modulus of _-120 GPa, the
strain to failure is < 0.2%, but, for sufficiently thin conductors, the
allowable bending radius can be quite small.

The presence of an Ag sheath or of Ag in the core substantially
complicates predictions of overall strength and flexibility. The thermal
expansion coefficient of Ag is higher than the average value for any of the
high-temperature superconductors.18, 23-26 Therefore, a favorable residual
stress state would be expected in a superconductor/Ag composite. In fact,
increases in strength of =10% have been observed for Y-123/Ag particulate
composites.5, 27 Ag is also less stiff than the superconductors, and thus
particulate composites can have lower elastic moduli than the
corresponding monolithic material. 28 However, the effect on modulus for a
15% Ag core was only =15%. Thus, even with higher strength and lower
stiffness, the flexibility of a superconductor/Ag composite is likely to
improve by no more than --25%. The limit on strain would still be --0.2%.

For powder-in-tube tapes, several investigators report strains reaching
at least =0.5% before Jc is significantly degraded. 29-33 A possible
explanation for the high strain tolerance is that favorable residual stresses
are imparted by the Ag sheath. Recent neutron-diffraction measurements
of residual strains in Ag-clad Bi-2223 tapes cast serious doubt on that
possibility. It was found that for highly textured tapes the directions in the
Bi-2223 near the c-axis were indeed in a compressive stress state, but the
a-b plane was in residual tension. 34 Fracture will occur perpendicular to
the a-b plane; thus residual stresses induced by the Ag sheath are
deleterious.

A more likely explanation for the apparent strain tolerance of Ag-clad
conductors is that current can shunt through the Ag where cracks are
present and reenter the superconductor once it is past the crack. A
mathematical model of this effect was published recently. 35 The model
indicated that, if the resistivity of the superconductor/Ag interface is
sufficiently low relative to that of Ag, nearly all of the current will return to
the superconductor from the Ag. The resistivity of pure Ag at 77 K is
=0.3 _t_-cm; 36 thus, it is quite reasonable that the current will return to the
superconductor. Generation of 1 _tV of voltage may thus require several
transverse cracks.

SUMMARY

The basic mechanical properties of all high-temperature
superconductors are similar. Bi-2212 and B-2223 are slightly softer than the
others, and the Bi-based conductors are much more easily textured. The
maximum strain that these ceramics can sustain is =0.2%. Ag particles
can improve strain tolerance by =25% at most, but Ag sheaths may impart
unfavorable residual stresses. The apparent strain tolerance of Ag-clad
wires is probably due to current shunting through the Ag sheath at cracks.
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Abstract

Long lengths of (Bi,Pb)2Sr2Ca2Cu30x tapes made by powder-in-
tube processing have been wound into coils. Performance of the
coils has been measured at temperatures of 4.2 to 77 K, and
microstructures have been examined by X-ray diffraction and
electron microscopy and then related to superconducting properties.
A summary of recent results and an overview of future goals are
presented.

Introduction

Powder-in-tube (PIT) processing has been used by several research
groups to obtain very high critical current density (Jc) in short lengths of Ag-
clad Bi-Sr-Ca-Cu-O (BSCCO) superconductors. Sato et al. and Yamada et al.
reported Jc values of 5.4 x 104 A/cm 2 and 3.3 x 104 A/cm 2, respectively, at
77 K and zero applied field. The NKT Research Center in Denmark reported
Jc values as high as 6.9 x 10 4 A]cm2.1-9 Because the Jc values of BSCCO
tapes at 4.2 K and in high magnetic fields are significantly higher than those
of low-Tc superconductors such as NbTi and Nb3Sn, BSCCO can be used to
replace presently used low-Tc superconductors. Additionally, BSCCO
conductors can be used well beyond the temperature and field capability of
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low-Tc superconductors. The success in short-length tapes has not only
helped researchers better understand the PIT process, but has also
encouraged them to develop techniques for fabricating long lengths of robust
conductors.

The high Jc values of BSCCO tapes can be attributed to the strong c-axis
orientation of its grains. Good grain alignment improves intergrain
connectivity, thereby increasing the current-carrying capacity of the
material. Alignment and texturing of the BSCCO grains can be
obtained very easily by the PIT process, compared to various other
conventional techniques such as sinter forging, hot isostatic processing, and
jelly ro11.3-4,8,10-11 At 77 K, the transport properties of conventionally
consolidated and sintered BSCCO samples are very low. On the other hand,
tapes fabricated by the PIT process seem to exhibit very high Jcs.1, 8-12 The
silver sheath used in the PIT process provides good thermal, mechanical, and
electrical stability. Additionally, because the PIT process is analogous to the
current manufacturing technology for fabricating low-Tc superconductors, it
can be very easily modified to fabricate high-Tc superconductors at the
industrial level.

The high-Jc values mentioned above were obtained by subjecting the
short-length tapes to a series of uniaxial-pressing and heat--treatment
schedules. Potential applications of high-Tc superconductors include power
transmission cables, current leads, motors, generators, magnetic resonance
imaging (MRI), and superconducting magnetic energy storage (SMES)
systems. Most of these applications require that long lengths of robust and
flexible conductors, with uniform and reproducible properties, be
manufactured.5,8,12-14 Because it is impossible to meet these goals with
uniaxial pressing, considerable effort is being expended to overcome this
problem. Employing a two-step rolling and heat-treatment procedure,
Intermagnetics General Corporation and Argonne National Laboratory
successfully fabricated long lengths of Ag-clad BSCCO conductors. These
tapes were cowound into prototype pancake-shaped coils by the "wind-and-
react" approach. Test magnets were then fabricated by stacking the pancake
coils and connecting them in series. The coils and magnets have been
characterized at various temperatures and magnetic fields.

During fabrication and service, the tapes are subjected to significant
axial and bending stresses. Additionally, the temperature gradient and
magnetic field generated induces additional stresses in the material. These
factors could lead to degraded transport properties. Because the mechanical
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properties of Ag are inadequate to withstand all stresses, considerable effort
is being focused on improving the strain tolerance of the tapes. 15-22
Techniques such as addition of Ag to the superconducting powder, use of alloy
sheath material such as A1NiMg and Ag-A1203 as an alternative to Ag, and
fabrication of multifilament conductors have been used to improve the
mechanical characteristics of the Ag-clad BSCCO tapes.l, 17-22

Singh et al. reported that strain tolerance of the tape can be improved,
without much loss in Jc, by addition of Ag to the superconducting core. They
observed that for a 1.2% applied strain, 90% of the original Jc was retained in
the BSCCO-Ag composite, compared to only 40% in the monolithic tape. 17
Although the role of Ag is not yet fully understood, it is known to reduce the
melting temperature and alter the reaction kinetics of the superconductor
core. Additionally, it helps to prevent crack growth and assists in the
texturing of the superconductor grains. 11 Sato et al. developed a 1296-
filament BSCCO superconducting wire with a much better strain tolerance
(1.2%) than that of monocore tapes (0.2%). 1 Dou et al. studied the mechanical
properties of monocore and multifilament conductors containing 19 filaments.
The critical bend strain and tensile strain of the multifilament conductor was

found to be 0.8% and 0.65%, respectively, compared to 0.2% for the monocore
conductor. 19 Intermagnetics General Corporation fabricated a 61-filament
BSCC0-2212 conductor with sheathing of both pure Ag and Ag-A1203. Using
the principle of dispersion strengthening, they obtained improved mechanical
properties in the sheath material.18, 22 This paper discusses some of the
issues of fabrication and characterization of long lengths of mono- and
multifilament Ag-clad BSCCO conductors.

Experimental Procedure

The precursor powder for the PIT process was obtained by the solid-state
reaction of high-purity oxides and carbonates of Bi, Pb, Sr, Ca, and Cu. The
powders were mixed and calcined at =800-850°C for =50 h. To obtain a more
homogeneous powder, intermittent grinding was employed during the
calcination stage. For some of the best results, the cation ratio was
Bi:Pb:Sr:Ca:Cu = 1.8:0.4:2:2.2:3. The powders were then packed into high-
purity Ag tubes by mechanical agitation. The tubes were swaged, drawn
through a series of dies to a final diameter of =2 mm, and then rolled at the
rate of about 10% reduction per pass to a final thickness of =0.1 mm. Short
lengths of tape were cut and subjected to a series of thermomechanical
treatments consisting of uniaxial pressing and heat treatment. Several
parameters are involved in the PIT process, including powder composition,
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homogeneity, reduction ratio, heat--treatment temperature, time, and
atmosphere. All should be carefully controlled in order to obtain the desired
properties.

Although very high Jc has been obtained in short-length tapes by
uniaxial pressing, the process is not useful for fabricating long length
conductors. A more practical approach such as rolling is required. Using
two-step rolling and intermediate and final heat treatments, we have
manufactured long lengths of Ag-clad BSCCO conductors. Conductors up to
several meters in length (30 to 100 m) and as thin as =0.1 mm have been
processed. Pancake-shaped coils were formed by the "wind-and-react"
approach, wherein the tape is first cowound on an alumina former and then
heat treated. Ceramic insulation was used to separate each turn in the coil.
Test magnets were fabricated by stacking together and connecting in series a
set of the pancake-shaped coils. The magnets were characterized at 4.2, 27,
and 77 K in background fields up to 20 T.

For the multifilament conductors, several sections of monocore Ag-clad
conductors were assembled into a second Ag tube with an outer diameter
(OD) of 12.70 mm and an inner diameter (ID) of 9.36 mm. Using a drawing
schedule similar to that used for monocore conductor, we drew the tubes to a
diameter of--2.5 mm. Finally, with a special shape-forming technique, the
tubes were rolled into tapes with a final thickness of =0.5 Iron. Multifilament
BSCCO-2212 conductors have also been fabricated using Ag and Ag-A1203 as
the sheath material. The conductor tapes were first heat treated at 885°C for
=0.3 h, followed by slow cooling to 850°C. The tapes were held at this
temperature for =111 h. The multifilament conductor with Ag-A1203
sheathing was given periodic annealings at =350°C to relieve work-hardening
of the sheath.

Results and Discussion

Short-length samples that had been subjected to a series of uniaxial-
pressing and heat-treatment schedules exhibited Jc values of >4 x 104 A/cm2
at 77 K and zero-applied field, and 2 x 105 AJcm2 at 4.2 K and zero-applied
field. Haldar et al. showed that by increasing the superconducting fraction of
the BSCCO tapes, the current-carrying capacity of the tapes can be enhanced
considerably. 12 In addition to Jc measurement, the short samples were
characterized by X-ray diffraction and scanning electron microscopy.
Qualitative analysis of Jc as a function of number of thermomechanical
treatments reveals that Jc initially increases, reaches a peak, and then finally

642



decreases. This variation has been reported by several groups and has been
attributed to the variation in degree of texturing and local inhomogeneities
present in the tape. 23-25 The short tapes have been characterized at various
temperatures and applied magnetic field. Figure 1 shows Jc, as a function of
applied field up to 3 T, at 77 K and at pumped liquid nitrogen temperature
(64 K). These measurements were made at Brookhaven National Laboratory.
At 64 K, Jc in the field parallel to the tape surface increased by one order of
magnitude at 2 T over that at 77 K.

We fabricated long conductors (=-30-70 m), wound them into pancake-
shaped coils, and tested the coils. Jc values were =-60-80% of the short rolled
samples at 77 K. The difference in Jc values between the short and long
conductors can be attributed to inhomogeneities and microcracks along the
length of the tapes. Additionally, the coils are subjected to large self-fields
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Fig. 1. Critical current density, as a function of applied
magnetic field, of short samples at liquid nitrogen
(77 K) and pumped liquid nitrogen (64 K)
temperatures.
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during testing, whereas the short tapes do not generate much self-field.
A test magnet was fabricated by stacking together and connecting in series
10 pancake coils, each containing three 16-m lengths of BSCCO-2223
conductor. Total length of the conductor used in the magnet was =480 m.
The magnet was characterized at 4.2, 27, and 77 K. At 77 K, the maximum
field generated was 0.36 T, while at 27 and 4.2 K it was 1.8 and 2.6 T,
respectively. Figure 2 shows another test magnet fabricated with eight
double-pancake coils, each containing three 16-m lengths of BSCCO
conductors. Total length of the conductor was 768 m. Figure 3 shows the
characteristics of this magnet at 4.2 and 27 K, in background fields up to
20 T. The magnet generated a field of =1 T in a background field of 20 T at
4.2 K. These results are very encouraging because they show not only the
robustness of the high-Tc superconductor magnet but also that it can
generate substantial field in a very high background field. The results also
show that the high-Tc coil can be used as an insert to generate a very high
field in a hybrid magnet containing low-Tc superconductors. Additionally, the
high-Tc magnet can be used to meet the stringent requirements of field-
sensitive applications such as MRIs.

Multifilament conductors containing 37 filaments of up to 230 m in
length have also been fabricated. Figure 4 shows Ic as a function of length;
the consistent results demonstrate the considerable improvement in
development of multifilament conductors. Jc of a multifilament BSCCO-
2212, with Ag-A1203 as the sheath material, was =1-3 x 103 A/cm 2 at 77 K,
4.5 x 104 A/cm 2 at 4.2 K and zero applied field, and 2.5 x 104 A/cm 2 at 4.2 K
and 12 T. The tensile properties of the BSCCO-2212/Ag and BSCCO-
2212/Ag-A1203 have also been studied. Figure 5 shows the stress/time
relationship of the yield strength of multifilament conductors. At room
temperature, yield strength of the Ag-A1203-sheathed BSCC0-2212 was
greater by a factor of 4 than that of Ag-sheathed BSCCO. These results
indicate that long lengths of multifilament conductors with improved
mechanical properties can be fabricated with alternative sheathing material.

Summary

By carefully controlling the various parameters involved in the PIT
process, we have obtained very high Jcs in Ag-clad BSCCO superconductors.
Pancake-shaped coils and test magnets have been fabricated from long-
length conductors and characterized at various temperatures and magnetic
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Fig. 2. Test magnet assembled by stacking eight double-pancake coils
in series.

fields. The results indicate that devices capable of operating at higher
temperatures and magnetic fields could now be fabricated from high-Tc
superconductors. The issue of conductor strain tolerance has also been
addressed.
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DISCONTINUITY IN THE POWER CABLE INDUSTRY.
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ABSTRACT

The advent of superconductivity above 77 K represents to
the power cable industry a technological discontinuity
analogous to that seen in the copper telecommunications
industry by the arrival of optical fibres. This
phenomenon is discussed along with technical criteria and
performance targets needed for high temperature
superconducting wire to have an economic impact in
transmission cables.

i. TECHNOLOGICAL DISCONTINUITIES: A COMPARISON

Analysis of the emergence of high temperature
superconductivity in the cable industry has strong
parallels with that already seen for optical fibres [i].
Both innovations represent a discontinuity in which a
known technology can be displaced by a new process which
is superior in at least one performance criteria. This
presents both new opportunities for business but is also
a threat to established markets and careful management of
the technological change with adoption of appropriate
technological strategies is required for commercial
success [2,3].

Utterback and Kim have defined technological
discontinuities invading stable businesses as four basic
types [4]. Type 1 can be described as a Product-Process
discontinuity which involves a brand new product and
manufacturing process. An example of this is the
introduction of transistors to replace vacuum tubes in
the electronics industry. Type 2 is a Product
discontinuity where a new product using similar or
existing manufacturing skills replaces an existing one.
An example is the replacement of components with discrete
transistors by integrated circuits. Type 3 is the
Process discontinuity where an old product is made using
a new manufacturing route. An example is the replacement
of open hearth furnace by oxygen processing in steel
making. Type 4 is the Process-Product in which an
existing product is made by a radical new manufacturing
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route which totally changes the companies' manufacturing.
An example of this is the introduction of quartz watches
over clockwork products.

High temperature superconductivity can be defined as a
totally new product vis & vis copper wire. The
manufacturing methods used to form high temperature
superconductors from MOCVD to powder-in-tube are
established manufacturing routes in industries as diverse
as semiconductors to fire-proof cabling but not in an
established electro-ceramic superconductor industry. We
can define high temperature superconductivity as a type 1
case ie a Product-Process discontinuity which is the most
difficult type to manage successfully. Each of the
industry players will regard this transition as being
different in magnitude and scope and will enter into it
carrying a different technological baggage. This will
affect their psychology of perception as to the threats and
opportunities of high temperature superconductors.

Using the analogy with the development of optical fibres we
can group the industry players into five categories based
on each companies technology background in
telecommunications or power industry for the case of
optical fibres and high temperature superconductivity
respectively. Group 1 is the outsiders, typically
materials manufacturers. In telecommunications these were
companies like Corning, Du Pont, Hereas and Pilkington, in
electrical transmission they are Du Pont, ICI, Hoechst,
Merck etc. Group 2 are the service industries. In
telecommunications these were AT&T, GTE, GPO and in power
transmission these are US utilities, National Power in the
UK, EDF in France and ENEL in Italy. Group 3 are the cable
manufacturers which in telecommunications were Times Wire
and Cable, Belden, General Cable, BICC, Pirelli and GEC and
in Power transmission are BICC, Pirelli, Siemens, Alcatel,
Sumitomo. Group 4 can be classed as traditional companies
which for the telecom case were the illumination fibre
companies such as American Optical Corp and Galileo and in
superconductivity are the conventional superconductor
companies such as Oxford Instruments, IGC and Furukawa.
The final category Group 5 are start-up companies. In
telecoms these were companies like Spectran, Fibronics and
Valtec and in superconductivity are represented by
companies such as American Superconductor Corp.

In optical fibres of the five groups above, the ones who
perceived the smallest product-process discontinuity were
the first to move. Companies like Corning had relevant R&D
expertise in glass technology and so the transition for
them was smaller than for companies like Times Wire and
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Cable who did not. The most radical innovations in optical
fibres came from groups 1 and 5. In high temperature
superconductivity, close parallels are being observed and
the most successful alliances for power cables are likely
to be cablemakers allied to a non-cablemaker who perceives
a small technological discontinuity in the introduction of
high temperature superconductors.

2. SUPERCONDUCTING CABLES

The market for power cables is a large one, in the UK alone
for low and high power cables the market size is above
£ 13,000 million [5]. Studies and prototypes in the 1960s
and 1970s using niobium alloys targeted superconductivity
having an impact on the high power end of the transmission
network. This is serviced by supertension cables which can
be defined as a cable which operates with a conductor above
ambient temperature at an operating voltage of 132 kV and
power rating of 300 MVA and above. In this design heat
flows out from the conductor to the external ambient and
the conductors are subject to thermal expansion forces.
The cable may need to be force cooled by using oil or gas
down a central duct. We can compare this with a
superconducting cable which has a conductor far below
ambient and so has a net heat flow from the ambient to the
conductor, requiring an insulation layer, and is always
force-cooled. The operating voltage is not as well defined
yet but is certain to be lower than for a conventional
cable. For conventional cables at levels of 1 GVA the heat
generated in a supertension cable may be as high as
2 x 105 Wkm-Imaking force-cooling inevitable and therefore
a superconducting design an attractive alternative. Low
temperature superconducting cables were and are
uneconomical except at power levels higher than needed
(3-5 GVA) [6,7].

The advent of the new ceramic high temperature
superconductors changed the operating temperature of a
superconducting cable and the situation was reviewed once
again in the hope that the reduced refrigeration costs may
alter the economics of superconducting cable installation.
Also in the interimperiod between low and high temperature
superconducting cables, environmental aspects regarding
siting of overhead lines and right-of-way issues in
congested urban areas have become prominent. In this
aspect a superconducting cable has advantages in (i) no
soil contamination from oil leaks (ii) thermal insulation
superconducting cables do not affect surface vegetation,
(iii) for the same power a superconducting cable is smaller
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than a conventional cable occupying less land, (iv)
external magnetic fields can in principle be eliminated in
a superconducting cable and (v) there is a low fire risk
with a superconducting cable.

3. TECHNICAL REQUIREMENTS FOR SUPERCONDUCTING TAPES IN
CABLES

The technical challenge for high temperature
superconducting cables remains in the fabrication of the
superconductor itself. The past work on helium-cooled
cables has solved many of the problems with cooling and
design and advances in dielectrics since the 1960s have
answered many questions regarding suitability at cryogenic
temperatures.

Techno-economic studies of the performance requirements for
high temperature superconducting wires to be economical in
transmission cables have taken place in Europe [8], Japan
[9] and the USA [i0]. The European study concentrated in
two areas (i) a newly installed high power cable at
1 to 3 GVA optimised for maximum efficiency and (ii) a
medium power rated cable of 0.5 GVA optimised for maximised
efficiency at a fixed diameter. In this study, the values
for an economical breakthrough for transmission cost
(expressed in MVA per km) of the critical current density
of the superconductor wire would need to be 2 x 109 Am-2 at
77 K and self-field [ii]. For the three oxide
superconductor systems these Jc values have been reached
using thin film deposition techniques. However, problems
with scale-up to long lengths seem to be very problematical
for techniques used. The most promising for making long
lengths of viable conductor seem to be techniques such as
Doctor Blade [12] and powder-in-tube [13]. The jury is out
on the thallium containing compounds at present but high Jc
values of 9 x i0" Am-=have recently been reported using a
spray pyrolysis technique [14] which could be envisaged to
be easily scaled up to longer lengths.

By far the greatest effect on economics is the Tc value and
if this can be increased even nearer to room temperature
then the breakeven point becomes much lower. Recent
reports on a Tc value of 250 K in the bismuth-containing
cuprate system may prove to be another breakthrough in this
area [15].

In the absence of any new breakthrough in Tc, the system
most likely to be used in a cable system appears to be the
(Bi,Pb)-2223 system with a Tc of 108 K and operable at
77 K in a high current low-field application like a
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transmission cable. This material is also amenable to
powder-in-tube manufacture, a well-known technique
industrially and relatively cheap for a high-tec operation
and already 1 km wires are being made [16]. The powder-in-
tube technique is also preferred as it allows a degree of
mechanical integrity to the superconductor either by
increasing the number of filaments or by alloying the
silver with another metal such as magnesium [17] showing
bend strains up to 0.2 %. Ac losses in filaments have also
been found to be acceptable for ac cable operation at
50 - 60 Hz using a braided multistrand approach [18].

So the technical objectives for the implementation of high
temperature superconducting wires in operational
transmission cable systems appear to be close to being
achieved. There are many factors that influence this. One
analysis has been to calculate the cost of the
superconductor using a powder-in-tube process with "bulk"
powder values and estimating associated conductor losses.

Fig 1 shows a graph of the calculated transmission cost in
units of ecu kW-_km-_ against the cost of producing the
conductor for cables in units of ecu kA-_m-_. These costs
are for the optimised high power cable in the European
study [ii]. For clarity these have been simplified in this
graph to show three cases with Jc values of 1 x 109,
1.5 x i0" and 0.5 x i0" Am-2respectively. These results are
compared to a single core oil-filled cable 400 kV, i000 MVA
rating (solid line). The most interesting fact
found by relating the conductor costs in units of ecu kA-_m-_
is that a breakeven Jc can be estimated for a range of wire
properties and operating conditions. These results show
that for conductor costs below I00 ecu kA-Xm-_ the
transmission costs are dominated by the ancillary equipment
such as installation and coolers etc. For values near to
i000 ecu kA-_m-_the wire would constitute near to 60 - 70 %
of the cost of the cable, while at values near to
i0 ecu kA-_m-_ the wire would be less than 5 % of the total
cost of the cable.

Fig 2 shows a plot of operating Jc in Am-2against the cost
of the conductor in ecu kA-_m-_for the optimised high power
cable at a rating of I000 MVA and the replacement medium
power superconducting cable operating at 400 MVA compared
with the equivalent copper cable system. The European
study [ii] found that there were three factors in high
temperature superconducting wire manufacture that may
influence the use of the product in cables:

i. Advances in the critical current density toward 109 Am-2
for a process that can be scaled to industrial production
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such as powder-in-tube. This would tend to move the graphs
up the y axis in Fig 2.

2. Process route economies that reduce the overall cost of
production for the superconductor tape ie reduction of
processing time of the (Bi,Pb)-2223 tape for example. This
would move the curves to lower conductor cost values along
the x axis in Fig 2.

3. Identification of new products that could benefit from
the technology as it know exists. Such an approach is the
EPRI-cable to retro-fit pipe-type cables [I0]. This has the
effect of moving the two curves closer together in Fig 2.

Fig 3 is a further representative breakdown which shows the
conductor Jc in Am-2 versus the absolute cost per unit
length of the conductor in kA-_m-_. This was taken to be a
typical monocore tape of the type made in most laboratories
by rolling or pressing with dimensions of 2 mm x 50 _m. It
was also assumed that a factor of 2.5 in the ratio of
superconductor cross-section to current density to allow
for uneven current distribution. These curves give a good
idea of the actual manufacturing costs needed for a high
temperature superconducting tape to be economical in power
cable systems.

4. CONCLUSIONS

High temperature superconductors represent a technological
discontinuity in the power cable industry and a potential
threat to the high power supertension cable area
especially.

Technical requirements of powder-in-tube samples are nearer
the specification required for economical operation at
77 K.

The best performance so far of these wires is in the order
of 6 x i0" Am-2 for short pressed samples, and in long
lengths (i00 m +) this has been shown to be
1 to 2 x l0s Am-2. These values are close to the
Jc(operational) values needed for transmission cables which
typical one would expect to be near 50 % Jc at 77 K, O T.
The European cablemakers view is that an operational Jc for
a new optimised high power cable would be 2 x i0" Am-2 for
a wire price of 60 ecu kA-_m-_ and for a retrofit medium
power fixed diameter cable the same Jc would need wire
price of 400 kA-_m-_making it an attractive first solution
for high temperature superconducting cables.
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Abstract

Epitaxial (T1,Bi)Srl.6Bao.4Ca2Cu3Ox ((T1,Bi)-1223) thin films
on (100) single crystal LaA103 substrates were synthesized
by a two-step procedure. Phase development, microstructure,
and relationships between film and substrate were studied
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM).
Resistance versus temperature, zero-field-cooled and field-
cooled magnetization, and transport critical current density
(Jc) were measured. The zero-resistance temperature was
105--111 K. Jc at 77 K and zero field was > 2 x 106 A/cm2.
The films exhibited good flux pinning properties.

Introduction

An important step in understanding of flux pinning in high-Tc
superconductors was the prediction by Kim et al. that flux pinning should
improve as the layers between Cu-O planes become thinner [1]. The model of
Kim et al. stimulated interest in Tl-based 1212 and 1223 superconductors
because of their thin insulating layers relative to T1-2212, T1-2223, Bi-2212,
and Bi-2223 types. T1-1212 and T1-1223 tapes with Jc to 2 x 104 A/cm 2 at
77 K and zero field have been fabricated by the powder-in-tube method [2-18].
However, attempts at further improvement have met with little success, in
spite of the worldwide effort, due mainly to weak-link problems. The
transport Jc of these tape samples often decreased by a factor of 20 at 77 K as
the external magnetic field was raised from 0 to 0.2 T [10].
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The intrinsic flux pinning properties of the bulk samples was quite good:
for example, Jc decreased only by a factor of 3 at 77 K as the field was
increased from 0.2 to 5.5 T. The best bulk samples are probably the thick
films reported by General Electric [19-21], and T1-1223 tapes electrodeposited
on metallic silver and annealed in a two-zone furnace [22]; however, weak
links continue to be a serious problem in these samples. Thin films are well
known to have high transport Jc and excellent flux pinning at 77 K. We have,
therefore, directed our efforts toward the fabrication of Tl-based 1223 thin
films. We have successfully made epitaxial (T1, Bi)Srl.6Ba0.4Ca2Cu3Ox
((T1,Bi)-1223) thin films with high Jc in magnetic field for the first time [23].
In this paper, we report on microstructural development and
superconductivity as functions of temperature and heat treatment.

Experimental Details

The films were prepared by laser ablation. A pellet of composition
Tlo.95Bio.22Srl.6Bao.4Ca2Cu3Ox was prepared by pressing an intimate
mixture of 0.475 T1203 + 0.11 Bi203 + Srl.6Bao.4Ca2Cu3Ox in a 1.28 cm die at
a pressure of 150 MPa. The pellet was placed between gold plates, wrapped
in silver foil, sintered in air at 870-900°C for 3-5 h, cooled, and then
pulverized. The source pellet for film fabrication was made by mixing 1 FW
of the above powder with 0.475 FW T1203 and 0.4 FW CaO, and pressing at
750 MPa in the 1.28 cm die. Laser ablation was conducted at 120 mJ/pulse,
21 KV, and 2-10 pulse/s; substrate temperature was 300-500°C. Films were
deposited on (100) single-crystalline LaA103. The resulting films were placed
between Tlo.95Bio.22Srl.6Bao.4Ca2Cu3Ox pellets and set on a gold plate. This
assembly was wrapped in silver foil with a plenum space, and heated in air at
840-870°C for 25-60 min.

The phase structure and mosaic distribution of the films were measured
by 20 scans and rocking curves. The relationship between the film and
substrate was determined by both X-ray ¢ scans and TEM. Microstructures
were characterized by SEM, energy dispersive spectroscopy (EDS), and TEM.
Magnetization versus temperature was measured by DC SQUID. DC zero-
resistance temperature (Tc) and transport Jc were measured by standard
four-probe methods. Films were 1 _m thick and were patterned into 90 x
200 pm microbridges by photolithography. Four silver contacts were
deposited onto each film. Measurements of Jc(H) were performed in a DC
SQUID, with the magnetic field aligned perpendicular to film c-axes.

Results and Discussion

1. Phase development: Figure la shows the morphology of the precursor
films; Figs. lb and lc show the annealed films. The precursor films consisted
of uniform small particles. Although the ablation source was Tl-rich
(W11.8Bio.22Sr1.6Bao.4Ca2Cu3Ox), the content of T1 in the precursor was
substoichiometric (Table 1). There were many more acicular grains in Fig. lb
than in Fig. lc. These grains were found to have a-axis orientation. The
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Table 1. Average composition of precursor and annealed films.

TI Bi Sr Ba Ca Cu

Precursor 0.7 0.2 1.6 0.3 2.7 2.5

Annealed film 1 0.7 0.2 1.6 0.4 2.3 2.8

Annealed film 2 0.7 0.2 1.6 0.2 2.8 2.5

average composition, determined by EDS, of the annealed films with fewer
acicular grains was 0.9/1.9/2.3/2.9, which was close to stoichiometric 1223.
The films with more acicular grains had an average composition of
0.9/1/8/2.8/2.5, further from the ideal stoichiometry.

Annealing temperature was a key parameter for 1223 phase development.
At low temperature (820°C), we obtained only 1212 phase. As the
temperature increased, the 1223 phase gradually formed (Fig. 2). At 840°C,
the sample consisted of 1223 and 1212 phases. Although the 1223 phase was
dominant, the XRD peaks of 1212 phase were still strong (shown by the
relative intensity of the (004) peak of 1212 vs. that of the (005) peak of the
1223, and of the (005) peak of the 1212 to the (006) peak of the 1223). At
860°C, the peaks of 1212 phase were barely distinguishable.

Another key parameter for 1223 phase development was annealing
duration. Samples were heated at 860°C for different lengths of time. For
short time at temperature, 1212 formed (Fig. 3). For longer annealing times,
more and more 1223 phase formed. After 60 min, the 1212 phase completely
transformed into 1223. Rocking curves of the (006) peak of the 1223 were
examined for several films. The typical full width at half maximum (FWHM)
was 0.365 °, which is comparable with high-quality YBa2Cu3Ox films. We
concluded that the optimal annealing temperature and time were 860°C and
60 min, respectively.

2. Microstructure and Orientation: From the XRD patterns, it was clear that
the films were highly phase pure and c-axis oriented. We investigated the
epitaxy between film and substrate by both X-ray 0 scans and TEM. To
determine the in-plane orientation between the (T1,Bi)-1223 film and LaAlO3
substrate, we measured 0 scans of the (103) film reflection and the (222)
substrate reflection (Fig. 4). The [100] axis of (T1, Bi)-1223 overlapped with
the [100] of LaA103. This epitaxial growth is reasonable because the lattice
mismatch between [100] of (T1, Bi)-1223 and [100] of LaAlO is only 0.5%.

Figure 5a shows a typical area of the epitaxial film and a misoriented
grain. This misoriented grain could be either intrinsic or caused by sample
preparation. Figure 5b shows dislocations within the film near the interface.
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Fig. 1. SEM photomicrographs of precursor and annealed films.

I ' ' ' I ' ' I I ' '

10 20 30 40

2e

Fig. 2. XRD plots of films annealed as shown; only (OOl)peaks are present;
(T1,Bi)-1223 marked by filled circle, (T1,Bi)-1212 by open circle.
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Fig. 3. XRD plots of (T1,Bi)-1223 films annealed at 860°C in air.
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Figure 6a is a high-resolution image of the interface. A semi-periodic
contrast and a few small defects were observed. The contrast was due to
strain caused by the lattice mismatch between the film single-crystal
substrate. Figure 6b shows a thin layer near the interface containing
dislocations and a region above the layer containing many stacking faults.
There was a slight rotation between the two areas, as confirmed by
convergent-beam electron diffraction.

3. Superconductivity: Figure 7 shows two typical Tc curves. Tc was 105-
111 K, and depended on phase purity. For many measurements, we found
that samples with pure T1-1223 phase had Tc of 105-107 K (Fig. 7a), whereas
films with a little 1212 phase had a higher Tc of = 111 K (Fig. 7b). This
phenomenon has yet to be clearly understood.

Figure 8 shows typical zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves measured at 20 G with the field parallel to the c-axis of
the (T1,Bi)-1223 film. The transition onset was 105 K, which was lower than
the DC zero resistance of 107 K. If we assume flux exclusion was 100% at the
lowest measured temperature of the ZFC curve, the flux expulsion measured
by FC would be = 3%, which would reflect highly incomplete flux expulsion.
Incomplete flux expulsion could originate for several possible reasons: flux
pinning, the Ebner-Stroud superconduction glass model, or less than full
superconductivity of sample [24]. The last two causes require presence of
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Fig. 5. TEM photomicrograph of (a) typical area of epitaxially grown
(T1,Bi)-1223 film and (b) dislocations in film at LaA103 interface.
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Fig. 6. High-resolution TEM photomicrographs of (a) semi-periodic
lattice strain caused by lattice mismatch between (T1,Bi)-1223 film

and LaA10 3 interface and (b) dislocations near interface.

668



...... i ..... i ..... i ..... i ".

0
0.70 O o

i o0.60 o

0.50 o o

"_" 0.40 0Od:_

0.30
-_ 0
rar_

•- 0.20 o
r_ 0

0.10 o0

0.0_.0.• • 8...................110 130 150 170

Temperature(K)

0.4 b .... o o o o
0

"_" 0
03 o

©

o 0.2
= o

o

o
0.1

_ o
o

O-a"O_ _ , , , , , ,110 130 150 170

Temperature ( K )

Fig. 7. Typical resistance vs. temperature curves for (a) films
with a little (T1,Bi)-1212 and (b) pure (T1,Bi)-1223 films.

669



weak links. The transport Jc data discussed below indicate the absence of
significant weak links in our films and suggest that the observed incomplete
flux expulsion is due to strong flux pinning.

Defects such as twin boundaries [25] and a-axis oriented plates [26] have
been observed to be effective pinning centers, in addition to the intrinsic
pinning between Cu-O layers [27]. Several defects in our films that may
perhaps be partly responsible for good flux pinning were observed by TEM.

The results of Jc(H) measurements are shown in Fig. 9. The insert shows
the clear Jc-H relationship at low magnetic field. At 67 K, Jc did not
decrease from 0 to 0.1 T, and, surprisingly, there was a small increase below
200 G. At 87 K, an obvious increase was observed, and then Jc decreased for
H > 0.1 T. At 77 K and 5.5 T, Jc was 5 x 105 A/cm2. At 87 K and 5.5 T, Jc
remained > 105 A/cm 2. Because of the limited chamber size in the SQUID, to
date we have managed to measure Jc with H perpendicular to c-axis only.
The Jc-H dependence for H parallel to c-axis is now being studied.

Conclusions

(T1,Bi)Srl.6Ba0.4Ca2Cu3Ox films were epitaxially grown on (100) LaA103
single crystals. Both c-axis and a-b-axis alignment were achieved. Tc was
105-111 K and depended on phase purity. Samples with some 1212 phase
had Tc of-- 111K; phase-pure samples had Tc of- 105-107 K. Jc at 77 K and
zero field reached 2 x 106 A/cm2 when measured on a 1 _m thick, 90 _m wide,
200 _m long microbridge. Jc was 5 x 105 A/cm2 with a 5.5 T magnetic field
applied perpendicular to the c-axis.
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Introduction of Artificial Pinning Centres in ,,Bi=Sr=CaCu=O."

Ceramics

t

P. Majewski,S. Elschner , H. Bestgen , and F. Aldinger

Max-Planck-lnstitutfor Metallforschung,D-70569 Stuttgart,FRG, and

HoechstAG, D-65926 Frankfurtam Main,FRG

Abstract

Considering the phase equilibrium diagram of the system Bi203-SrO-CaO-CuO,

single phase .Bi2Sr2CaCu2Os"ceramics have been transformed by a simple

annealing procedure into multi phase samples. The transformation results in the

formation of second phases and in an increase of the intra grain critical current

density at 1 T of five times. This increase is believed to express improved pinning

properties of the superconducting crystals. The prepared pinning cantres are

believed to be e.g. coherent precipitates (Guinier-Preston-zones) within the

superconducting crystals.

1. Introduction

"Bi2Sr2CaCu2Oa"(2212 phase, Tc 94 K) and "(Bi,Pb)2Sr2Ca2Cu3Olo"(2223 phase,

Tc = 110 K) exhibitweak internalpinningat temperaturesabove20 K resultingin a

decrease of the cdtical current density of about two orders of magnitude in an

applied magnetic field of up to 2 T [1-5]. Therefore, an application of these

materialsin devicesundermagneticfields is stillnot possibleyet. Effectivepinning

centresareassumedto maynotexceedabout 10 nm[6,7].Therefore,inthisarticle

a processingroute is presentedresultingin superconductingbulk ceramics with

very fine (cc1 pm) precipitatesof secondphasesand enhanced pinningproperties

usingtemperaturedependentsolubilitylines. In addition,the microstructureof the

677



preparedsampleshas been studiedin orderto clarifythe natureof the produced
pinningcentres.

2. Experimental

Samples with the compositionBi2.1aSrl.TCal.zCu2Oa+dusing Bi203, PbO, SrCOa,

CaCOzand CuO as startingmaterial(purity99 %) were prepared.The mixedand

groundpowderswere calcinedat 750 °C and 800 =C for 24 h and pressed into

cylindricalpellets(15 mmlong and 4 mm in diameter,625 MPa). The pelletswere

sinteredat 820 °C in air for 90 h with intermediategrindingand pressing,furnace

cooledandsubsequentlyannealedat 885 =Cfor 10, 15, 22.5, 25, 30, 37.5, 45, 60,

180 and 360 minutes(Fig. 1). Finally,the sampleswere air quenchedon a copper
plate.

RIvIIU Phase + Ravilsu Phase .

•' • 900 (sr,c=)cuo=+ c=2c,o3+
liquid liquid

2212+
Sf14Cu24041.x + :_ o - o ° °-7_.%- "J ........

,,,s,,c.,o,-i.o--'" / \ T
.0o,o880I- _" X

::-==_1( / 2212+ I\[: . 2212+22,2. = . ,\ _;._,,_uo,+I\ c.,o°o.
s,,.c,,,.o.,..• T.._,_"\ .,,s,,c==o,I \ ".._''

!;_c:;,;o: i \ 2Z',_:o,-

820 O "1
2212 + 2212 +
Sr14Cg24041.x + CazCuO 3 +

Sr3Ol2Oll+ Srl.tBllOz.$
RavelU Phase

800 ', I, I T, T, i ,
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Y

Fig.1: Temperaturevs.Cacontent[8]includingtheperformedannealingstepto
precipitateCa2CuOa+ liquid.
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The criticalcurrentdensitiesof the pelletshavebeen obtainedby measuringof the

magneticsusceptibilityat 30 K up to 1 T and calculatingJcfrom these data using

Bean'smodel[9].The magneticsusceptibilityhas beenmeasuredat 30 K, as at this

temperaturean increase of the pinningpropertiesis expected to become most

obvious. The second phase content of the samples have been determined by

opticaland electron microscopy.The criticaltemperatures(onset) of the pellets

have beendeterminedbyAC susceptibilitymeasurements.Phase identificationhas

been performed using electronmicroscopywith energy dispersivex-ray analysis

(EDX), opticalmicroscopyusingpolarizedlight,x-ray diffraction(CuKoh,XRD) and

transmissionelectronmicroscopy(TEM).

3. Results

The as-sintered2212 samples are single phase (> 99 vol.-%) refering x-ray

analysis, as well as, electron and optical microscopy.Accordingto the phase

equilibria,the annealingof the samplesresultsin the formation of CazCuOaand

liquid(Fig.2 and3) combinedwith a reductionof the Ca contentof the2212 phase.

Fig.4 showsthe susceptibilityvs. temperatureplotsof a startingsampleand the

30 min post annealed sample. It is seen that the critical temperaturesT= of the

samplesand the trend of the susceptibilitylineshave not be changedsignificantly

bythe postannealing(&T=_ 5 K).The graphicanalysis(Fig.5) showsthat the

Fig.2: SEM/BSE imageof the 30 minannealedsample.Black:Ca=CuOa

precipitates,grey:2212 phase,white:liquid.
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Fig.3: SEM/BSE imageof the 60 minannealedsample.Descriptionsee Fig.2.
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Fig. 4: Susceptibility vs. temperature plot of the starting samples (c_rsses) and the

30 rainannealed samples (triangles).
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Jc(1T)JJ¢((_)valueswhich representthe pinningforce exhibita distinctmaximumat an

annealing time of about 20 min. With increasingand decreasing annealing time the

values decrease. The J=vs. B plot of the startingsamples and the 15 min annealed

sample are depicted in Fig. 6. The samples have a Jc of 4000 A/cm2 at zero

magnetic field.

Fig. 7 shows the grain size distribution curves of the Ca2CuO3precipitates of

different samples. It is clearly seen that the grain size of the precipitates increases

with increasing annealing time. Precipitates smaller than 100 nm have not been

determined due to the resolution of the electron microscope. To overcome this

drawback TEM-studies of the starting sample and the 15 and 30 min annealed

sampleshave been performed.Nevertheless,even usingthe TEM precipitateswith

a grainsize smallerthan about 100 nmhave not found. In addition,the size of the

liquidprecipitateswhichform unregularlyshapedstreaksalsoexceeds10 nm.

Jc(1T)/Jc(0T)

0.01

0.005

0 10 20 30 40 50 60
t (min)

Fig.5: Jc(l_J_o_at 30 Kvs. the postannealingtimeof thesamples.
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Fig. 8 shows the mean grain size of the samples vs. the square rout of the

annealingtimerevealinga lineardependencewhichsuggestsa diffusioncontrolled

growthof the precipitates.Consideringthis diagram,it is clearlyseen that a mean

grainsizeof the precipitatesof about 10 nm can be maintainedat annealingtimes

of onlyabout 1 min. However,consideringFig. 5 a significantshiftof the pinning

propertiescan not be expectedfor a annealingtime of only1 min.

Jc [AJcm2)

4=

1,000 - \

100 .

I I I I I I , I I I ,

0 0.2 0.4 0.6 0.8 1 1.2

B[T]

Fig. 6: J=vs. the applied magneticfieldofthe startingsample(squares)andthe 15
rainannealedsample(stars).T =30 K.
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Fig. 7: Grain size distribution lines of theCa2CuO3precipitates.The valuesat the

linesindicatethepostannealingtime(min).

The resultsof the analysisof the XRD-patternof the samplesare shownin Fig. 9,

where the fullwidthat halfmaximumof differentreflectionsof the 2212 phase are

plottedvs. the durationof the postannealing.The full widthat half maximumof all

consideredreflectionsshowa maximumat the 15 and 30 minannealed samples,

whichsuggestan inceasedlatticedistortionof the 2212 crystalsof these samples.

In addition,TEM studiesof the microstructureof the 15 and 30 min annealed

samples and the starting sample show that the annealed samples exhibitsan

significantlyhigher densityof dislocationof about 5x109 cm2 comparedto the

starting samples. In addition, it is remarkable that the dislocation lines are

concentratedat thea-b-planesof thecrystals(Fig.10).
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Fig. 10: TEM image of the a-b-planeof a 2212 crystalof the 30 minannealed

sample.

4. Discussionand Conclusions

The increaseof theJoat magneticfieldsabove0.1 T withannealingshowsa strong

evidence for the improvementof the pinningpropertiesof such samples by the

precipitationof secondphases.The decreaseof the pinningeffect with increasing

annealingtime might be due to coarseningof the second phases. However, the

grainsizeof the Ca2CuO3precipitatessignificantlyexceeds10 nmand therefore,it

can be concludedthatthe precipitatesare noteffectivepinningcentres,if at all.

It has to be taken intoaccountthat besidesthe possibleeffect of suchsecond

phases the increasedpinningcan also be caused by defects in the 2212 phase

itselfresultingfromthephasetransformationdueto thereactions:

2212 (Ca rich)<_>2212 (lowerCa content)+ Ca2CuOa+ liquid

Such defectscould be e.g. latticedistortionswhichmay act as pinningcentres. In

this case, the observeddecrease of J=with increasingannealingtime could be

explainedbythe defecthealing.
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A strongevidencefor theexistenceof an increasedamountof latticedistortions

e.g. coherentprecipitateswithinthe postannealedsamplesis the increasedvalue

of the full widthat half maximumof differentreflexesof the 2212 phase of the 15

and 30 min annealed samplesand the higher densityof dislocationlines of the

annealedsamplescomparedto theas sinteredsample.

Consideringthis facts, it is extremlyremarkablethat especiallythese samples

exhibitsthe highestincrease of the pinningproperties.Therefore, the increased

pinningpropertiesof the 15 to 30 min post annealedsamples is believedto be

caused by an increased amount of lattice distortionse.g. coherent precipitates

(Guinier-Preston-zones)withinthe2212 crsytalsdueto theprecipitationof CazCuO3

andliquid.The CazCuO3and liquidprecipitatesobservedwithinthese samplesare

believedto be too largeto act as pinningcentres.
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Tape Casting and Partial Melting of Bi-2212 Thick Films
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Abstract

To produce Bi-2212 thick films with high critical current densities tape casting and par-
tial melting is a promising fabrication method. Bi-2212 powder and organic additives
were mixed into a slurry and tape casted onto glass by the doctor blade tape casting proc-
ess. The films were cut from the green tape and partially molten on Ag foils during heat
treatment.

Weobtained almost single-phase and well-textured films over the whole thickness of 20
I.tm.The orientation of the (a,b)-plane of the grains was parallel to the substrate with a
misalignment of less than 6 o. At 77K/0T a critical current density of 15'000 A/cm2 was
reached in films of the dimension lcm x 2cm x 201.tm(ll_V/cm criterion, resistively
measured). At 4K/0T the highestvalue was 350'000 A/cm2 (lnV/cm criterion, magneti-
cally measured).

Introduction

For applications in electrical engineering, superconducting devices with macroscopic
dimensions are required. This asks for other fabrication techniques and processing
parameters than for thin films, sputteredpolycrystalline films or single crystals. Accord-
ing to today's knowledge textured polycrystalline material is suitable for operations of
large currents.
Melt-processing of Bi-2212 produces a dense, almost single-phase microstructure with
no weak-link behavior [1]. The appropriate superconducting properties (Tc, Tirr,Jc) are
achieved by controlling the processing parametersduring melting,solidificationand post
annealing [2]. Particularly the critical current density can be further increased in thick
films by grain alignment.
Kase et al. [3] first reported that tape casting andpartial melting is a promising method to
fabricate highly textured Bi-2212 thick films on Ag-substrates up to 10 I.tmthickness.
Improvements of their processing lead to high critical current densities up to 3.2 x 104A/
cm2 (77K/0T) and 5.9 x 105A/cm2 (4.2K/0T) [4].
The exact controlling of the processing parameters for partial melting and annealing is
crucial, since the single-phase region is a function of temperature, oxygen partial pres-
sure and cation stoichiometry [4] and an aligned microstructure is achieved only by the
appropriate cooling [5].
Today, the applications of Bi-2212 thick films tend to low temperaturesand high trans-
port currents. Reproducable high critical current densities of thick films at 77K without
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Ag as a parallel conductor are scarcely reported yet. The relation between properties and
microstructure has not been clarified yet.
In this paper, we report processing procedures to fabricate textured Bi-2212 thick films
on Ag-substrates by tape casting via the partial melting route. Emphasis is laid on the
parameters enhancing the critical current densities and their reproducibility at 77K, as
well as on the correlation between the properties and the microstructuresof the tapes.

Experimental

Powder calzination

The starting materials (Bi203, SrCO 3, CaCO3, CU0)were weighed in the desired stoichi-
ometry of Bi2.2Sr2.05Cao.95Cu20x which is in thecentre of the single-phaseregion of Bi-
2212. The powder was calcined at temperatures from 750 to 820 °C for 24 to 72 hours
with intermediate grindings. This resulted in a powderconsisting mainly of Bi-2212 con-
taining small amounts Bi-2201 and Bi-free 014x24 as secondaryphases. The grain size
of the powder was smaller than 32 lain.

Tape casting
The Bi-2212 powder was mixed with organic additives into a non-toxic slurry. The
organic formulation consisted of solvent (ethanol), dispersant (triolein),plasticizer (pol-
yethylene glycol and phtalic acid ester) and binder (polyvinyl butyral). The slurry was
milled for 4 hours, degassed and cast into tapes by the doctor blade tape casting process.
The green tapes were 1.5m long and 15Cmwide. The thicknessof the tapes was 100I.tm
and shrank to 50 lain during drying. Samples of the desired shapes were cut from the
green tape, put on silver foils (50 I.tmthick) and subjected to the heat treatment. The
thicknessof the tapes after the heat treatment was 20 larn.

Heat treatment
The heat treatment consisted of 4 main steps. First, the organic additives used for the
tape casting process were burned out by heating slowly to 500 °C and holding there for
10 hours. The second, crucial step was the partial melting. The samples were heated at
40 °C/h to the maximum temperature (870 - 890 °C) and then cooled down with 5 °C/h
to the annealing temperature of 850 °C. During this step the materialwas densified, the
grains were aligned and the Bi-2212 phase formed. This part of the heat treatment was
done in O2 or air. The third step was the annealing of the samplesat 850 °C in 0 2 . This
is known to influence both, microstructure and properties, of Bi-2212 ceramics.The last
step after cooling down to room temperature was a reduction treatment at temperaturers
below 600 °C in flowing N2 ( p(O2) < 10-3atm) to adjust the oxygen content of the sam-
pies.
The processing parameters of the heat treatment were varied to investigate the influence
of the processing on the properties and the microstmcture. The maximum temperature
was changed in small steps from clearly below the (870 °C) to high above the solidus
temperature (895 °C). Additionally,the partial meltingwas done in air adjusting the tern-
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peratures to the lower solidus temperature (minus 20 °C comparedto 02). The annealing
at 850 °C in 0 2 was prolonged up to 100hours. The reduction treatment was done at dif-
ferent temperatures between 400 and 600 °C in N2for 2 to 25 hours.

Sample characterization
To determine the superconducting properties the samples were magnetically measured
by vibrating sample magnetometer (VSM) and AC-susceptometer.The critical tempera-
ture and the irreversibility temperature were determined by extrapolation of the reversi-
ble and the irreversible magnetization (VSM) or the real and the imaginary part of the
susceptibility(AC).The critical current density was calculatedfrom the width of the hys-
tersis loop of M(H) (VSM). As we never found any granularity in melt-processed Bi-
2212, AM is purely due to macroscopic intergranular currents [7]. It was measured from
4 to 90 K. Additionally, the critical transportcurrent and its dependence on applied mag-
netic fields was measured resistively by the four-point dc method. The microstructure
was investigated by light microscopy, X-ray diffraction analysis with CuKetradiation
and Si as intemal standard, and scanningelectronmicroscopy.Chemical compositions of
phases were determined by energy dispersive X-ray diffraction.

Results and discussion

a) Microstructure

The thicknessof the final Bi-2212 layer is approximately 1/3 of the green tape thickness.
Fig.1 shows the fractured cross-sectionof a melt processed tape with the oxide thickness
of 20 _tm.The highly aligned microstructure, which is formed during the slow cooling
from the partially molten state, is attributed to the Ag substrate and the low oxide layer
thickness < 30 I.tm.The Bi-2212 layer is composedof stacks of plate-like grains with the
aspect ratio exceeding 50. The XRD patterns confirm the good texture of the films; only
the (OOl)reflectionsof the Bi-2212 phase are observed (inset in fig.2). The misalignment
of the grains is estimated from rocking curves of XRD measurements to be < 6° (fig.2).

Fig.1 cross-section of a partiallymolten Bi-2212 thick film witha homogenous thickness of 201am.
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Influence of maximumprocessing temperature
Fig. 2 shows as well the strong influenceof the maximumprocessing temperature on the
phase composition of the thick films.Partial melting 5 °C above the solidus temperature
results in nearly single-phase Bi-2212. The secondaryphases are the one-layer Bi-2201,

the Bi-free phase of the stoichiometry Sr14_xCaxCu24Oyand the Cu-free phase
Bi3Sr4Ca30z. Partial melting 10 °C above the solidus temperature increases the amount
of secondary phases. Increasing the maximum processing temperature to 15 °C above
the solidus temperature increases the amount of secondary phases. The Bi-2201 phase
becomes the main phase besides 2212 grains with a high density of 2201-intergrowths.
From the asymmetric broadening of the (008) and (001__.)reflections of the Bi-2212
phase the amount of these intergrowthscan be calculated [8].
Light microscopy investigations show that the Bi-free 014x24 phase has the shape of
needles, independent of the processing temperature. For processing temperatures more
than 10°C above the solidus temperature the length of the needles grows from less than
20 l.tmto over 200 I_m.The Cu-free 3430 phase appears as cubes (length < 5 I.tm)for
processing temperatures lower than 10 °C above solidus. At higher temperatures, large
stalks of 3430 (length > 200 _tm)are visible.

o
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f' _......... A_,............. ,/k,, .....

_o #t
Ii 0 o .,. , P'.

21.0 26.0 31.0 36.0

Diffraction angle 20

Fig.2 XRD patterns of Bi-2212 thick fills with diffrent maximum processing temperatures. The inset
shows a rocking curve of the (008)-reflectionof the Bi-2212 phase.

Influence of annealing
The Cu-free and the Bi-free phases are the solid phases of the peritectic melting. On
cooling, they react with the liquid to form Bi-2201 or Bi-2212. In contrast to bulk mate-
rial, where the 2201 phase forms first and is transformed to the 2212 phase during
annealing at 850 °C in 0 2 by liquid/solid and solid/solid reactions [9], the Bi-2212 phase
in thick films is the primary phase, formed by controlling the maximum processing tem-
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perature in the narrow temperature range of 3 - 8 °C abovethe solidus temperature. Par-
tial melting above this temperature leads to large amounts of secondary phases which
cannot be dissolved by annealing.The transformationfrom Bi-2201 to Bi-2212 remains
incomplete and the amount of the Bi-free and Cu-free phases is hardly decreased. The
different behavior of bulk and thick filmsis attributed to the different lengths of the oxy-
gen diffusion paths. In bulk the remaining oxygen deficiency after partial melting con-
trois the phase formation, whereas in thick films the oxygen uptake is much faster.
Therefore, the cations influence thephase formation, leading to the direct crystallization
of Bi-2212, if the volume fraction of the 3430-phaseremains small.

b) Properties

The superconducting properties (Tc, Tirr, Jc) are strongly influenced by the processing
parameters. An optimized heat treatment schedule leads to a critical temperature Tc =
92K, an irreversibility temperatureTirr= 88K, a critical current densityJc = 18000A/cm2
at 77K/0T andjc = 350000 A/cm2at 10K/0T (llxV/cm-criterion)in 20 I.trnthick films.
Critical transport currents up to 30A (corresponding to Je = 15'000 A/cm2 ) were meas-
ured resistively in samplesof lcm x 2cm x 201zmsize.Fig. 3 illustrates that applied mag-
netic fields strongly decrease the critical current density depending on the orientation of
the external fields. Only the component perpendicular to the (a,b)-plane of the 2212-
grains decreases Jc. The I-V characteristics of the thick films obey a power law V - Is
(fig.4) with a smaller exponent cxthan found in bulk material at 77K [11]. The _xmeas-
ured at 77K is dependent on the external field. This confirmsother results going more
into the theory [12].

Fig.3 Critical current densities.forapplied Fig. 4 I-V characteristics for Bi-2212 thick films.
magnetic fieldsat 77K. at 77K.

Influence of maximumprocessing temperature
In fig. 5 the critical current densitiesdetermined at 77K/0T are shown as a function of the
maximumtemperature. MaximumJe are obtained only in the narrow range of 876 :t:3 °C
as maximum temperature. The inset of fig.5 shows that different maximum temperatures
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shift the je-T curve parallel to higheror lower values withouta remarkable change in the
shape of the curves. This indicates that Jcis controlled by the same parameter over the
whole temperature range from 10 to 77K. We therefore suggest that this behavior can be
attributed to the connectivity of the current leading paths, rather than to pinning or gran-
ularity.

z_104

_1_:-- ; x°'...xohs,o*co2" ,_,.- - 75h 850 °C O.2

u 4 _ _u lo3 ,_

_5 sTo- _5 8_o ' ss5 ' sgo u,O_,o ,oo
Maximum processing temperature/ °C Temperature / K

Fig.5 Critical current densities for different Fig.6 Criticalcurrent densities for different
maximum processing temperatures at 77K. annealing timeperiods at 77K.
The insetshows the criticalcurrent densities
from10to 85K.

Influence of annealing
Samples processed at 876 °C were annealed at 850 °C in 0 2 for different time periods.
The critical current densities were equal over the whole temperature range from 10 to
85K for annealing 0, 10 and 75 hours (fig.6).Thus, annealing in the single-phaseregion
at 850 °C in 0 2 does not increase further the critical current density if the sample was
partiallymolten within the optimum processing window.
In addition, samples with different maximum processing temperatures were measured
before and after annealingfor 50 hours (inset of fig. 5). The critical current densities did
not change at all. Thus, annealing in the single-phase region at 850 °C in 02 does not
compensate the loss of critical current density caused by partial melting outside of the
optimum processing temperature range. These observations are in good agreement with
the analysis of the microstructures showing that the volume fraction of the secondary
phases was not reduced by annealing.

Influence of processing atmosphere
Fig.7 shows that the shape of the jc-T curve of samples processed in air is different from
those processed in O2. At low temperaturesthe critical current densities are the same but
at higher temperatures the values for air-processed samples are lower. The microstruc-
tures of the samples have to be analysed more carefully to see wether different micro-
structures cause this different behavior for higher temperatures. So far, XRD-patterns
show less 2201-intergrowths in 2212-grains in air-processedsamples.
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Fig.7Criticalcurrentdensityforsamples Fig.8Criticaltemperaturefordifferentreduction
processedin air and02 from 10to 85K. timeperiodsandtemperatures.

Influenceof reduction treatment
Reducing the samples at temperatures below 600 °C in N2 adjusts the oxygen content
without affecting the microstructure. It shifts the critical temperature Tc and the irrevers-
ibility temperature Tirr to higher values and thus increases Jc at 77K. Fig. 8 shows that
annealingfor 20 hours at temperatures between 500 and 600 °C optimizes Tc, Titr and Jc
at 77K.

Summary

Highly aligned Bi-2212 thick filmswere prepared by tape casting and partial melting on
Ag-substrates. The maximum heat treatment temperature was found to be the most
important processing parameter for microstructure and properties. It has to be controlled
within 5 to 10 °C above the onset of the peritectic melting to minimize the amount of
secondaryphases and to maximize the critical current density at 4 and 77K. Annealing at
850 °C in 0 2did not change the critical current densities at all and the volume fraction of
the secondaryphases was not significantlyreduced.
Thus the amount of the secondary phases is strongly correlated to the critical current
density. Additionally, the connectivity of the current leading paths is the limiting factor
over the whole temperature range rather than pinningor granularity.
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Abstract

We have studied systematically the effect of microwave irradiation on the
temperature dependent resistivity R(T) and the current-voltage (l-V)
characteristicsof YBa2Cu._07_x (YBCO) bicrystallinegrain boundary weak-links
(GBWLs), with grain boundary of three different tilt angles. The
superconductingtransition temperature, Tc, has significantenhancementupon
microwave irradiation.The microwaveenhanced Tc is increased as a function

of incident microwave power, but limited to an optimum power level. The
GBWLs of 45° tilt boundary has shown to be most sensitiveto the microwave
irradiation power, and the GBWLs of 36.8° tilt boundary has displayed a
moderate response. In contrast, no enhancementof Tc was observed in the
GBWLs of 24° tilt boundary, as well as in the uniform films. Under the
microwave irradiation, the RtY) dependence is hysteretic as the transition
taken from superconductingstate to normal state and vice versa. Mechanisms
associated with the redistribution of nonequilibrium quasiparticles under
microwave irradiationare discussed.

1. Introduction

The enhancement of superconductivity by microwave irradiation has been
observed in a wide range of conventionalsuperconductorsand structures made thereof
[1-9]. The fascinating phenomena of microwave induced enhancements of
superconductivity has excited a considerable amount of investigations to find the
operating mechanisms.

Eliashberg and colleagues [13] proposed the first microscopic theory to link the
microwave-enhanced effects to the nonequilibriumprocesses of the quasiparticles
induced by the electromagnetic fields. At finite temperatures, some of the
quasiparticlesare excited from the low-lyingenergy state near the edge of the energy
gap to the higher-energy states and reach to a new nonequilibriumsteady state. Since
the low-lyingquasiparticlesare more effectivein inhibitingparing correlation than the
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higher energy ones, with the total number of quasiparticlesbeing preserved, the
microwave inducedredistributionof excitedquasiparticleswould lead to an increase of
the energy gap. As a consequence,the criticaltemperature and the critical current are
enhanced, in agreement with the BCS theorem. Later, calculation by Chang and
Scalapino has shown that [14] not only the redistributionof quasiparticles causes the
gap enhancement, but a net decrease in the total number of quasiparticles plays an
important role. Aslamazov and Larkin have pointed out that [15], the nonequilibrium
state occurs locallyand the resultant enhancementis associatedwith gap oscillations in
the weakly-coupled regions. Onlyif the constrictionsize, a, is smaller than coherence

length (_) but larger than a characteristic length rl= _(T)(1-T/Tc)1/4, there is
superconductivity enhancement. They showed that the effective cooling of electrons
trapped in the region of the contactwhich has a lower value of the gap mayresult in an
increase of criticalcurrent.

We report in the article, for the first time to our knowledge, the microwave-
enhanced superconducting transition temperature in YBa2Cu307_x (YBCO) grain

boundary weak-links (GBWL), with grain boundary of various tilt angles. The
experimental results have demostrated significantenhancement of superconducting
transition temperature ( ATc > 2 K as compared to a few tens of mK obtained in

conventionalsuperconductors) when the GBWL'swere irradiated by anf = 12.4 GHz
microwave with appropriate incidentpowers. The GBWLs of 45° tilt boundary has
shown to be most sensitiveto the microwave irradiation power, and the GBWLs of
36.8° tilt boundary has displayeda moderate response.On the contrast, the GBWLs of
24° tilt boundary as well as the uniform film have shown no enhancement on the Tc.
Mechanismsassociated with the redistributionof nonequilibriumquasiparticles under
microwave irradiation will be discussed. We note that the present observations are
fundamentally different from the enhancementsmanifestedby the photoinduced hole
doping effects, recently reported in under-optimizedHTSC systems[16].

2. Experimental

The YBa2Cu307_x grainboundary weak-linksstudied in this work were fabricated
from the YBCO epitaxialfilmsdeposited onto the SrTiO3 bicrystal substrates by KrF

excimer pulsed laser. There different misorientation angle of SrTi03 bicrystal
substrates was used. The details of the thin film deposition conditions has been
described previously[17]. Briefly,the substrate temperature was held at 770°C using a
CW CO2 laser as the heating source. The oxygen partial pressure was kept in the

range of 0.2-0.3 Torr duringdepositionwith a laser energydensityof 2-4 J/cm2 and a
repetition rate of 3-5 Hz. At the end of deposition,the CO2 laser is shut off, resulting

in a fast quench from 770°C to room temperature by taking less than 1 minute. The
filmsobtained are nearlyperfect c-axisoriented in crystallinestructure.

The weak-link bridgewas patternedby photolithographyinto a geometry of 20 l.tm
in width, 1200_ in thicknessand 60 p.min length of two voltage electrodes crossing
boundary. The standard four-probe arrangementwas used to determine the electrical
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behavior of the YBCO weak-links.To improvethe contact resistance, gold pads were
evaporated on the contact electrodes. The sample was mounted to sample holder
which was cooled in the closed cycle system. The pulsed current method was applied
to prevent heating from long time runningin the normalstate, which may suppress the
criticalvalues. The microwave energyis irradiatedto the samplevia an antenna, with a
fixed frequency of 12.4 GHz. Careful shielding of the thermometer and electrical
circuit was ensured to prevent the microwaveheating on thermometers and the pick-
up voltage in a feedback circuit which may result in a lower bath temperature. No
temperature change (within a resolution of + 0.03K) was observed even when the
maximumoutput power up to 18dBmwas applied.

3. Results and Discussion

Fig. I shows the R(T)dependence of the transition from the superconducting to
normal state (S --->N) of a GBWLs of 36.8* tilt boundary. As shown in Fig. 1, the
critical superconducting transitions are shifted to higher temperatures under
appropriate microwave power, with the main features of normal state resistance not
affected by the microwave irradiation. Further, the enhancement appears to be
dependent on the incident microwavepower and reaches the maximumat an optimal
power POpt. At incident power P > Popt the transition cease to shift to higher
temperatures and moves back to lower temperatures. The numericalvalue given here
for P is labeledfor the output power from microwavegenerator. One might compare
this result with those observed photoinduced Tc enhancement in under-optimized

HTSC systems [16]. What is immediatelynoted is that the microwave-induced Tc
enhancementcan only be observedduringGBWLsare beingirradiatedby microwave,

I
0=36.8" (S->N transition) I

YBC0grain-boundary weak-link

,.,,,,

89 90 91 92 93 94

T(K)

Fig. 1: The temperature dependent resistance, R(T), of YBCOgrain boundary
weak-linksunder microwaveirradiation in a varietyofpowerslevels.
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Fig. 2: The plot ofthe temperature hysteresis effect oftheR(T) behavior under
microwave irradiation.

while the photoinduced Tc enhancementremainspersistent when the illuminationwas
turned off.

As shown in Fig.l, the resistance near the superconducting transition is also
significantlyreduced. The R(T) curve deviatingfrom usual normal state linearitywas
much more pronounced with increasing incident power and reaches the maximum

value at Popt, though the deviationsare already evident for high Tc cruprates in the
absence of microwave irradiation. Moreover, as incident power P > Popt the
deviations were suppressed. The fact that the power dependence of both the Tc

enhancement and excess-conductancechanges in accordancewith each other indicates
the underlying physical mechanisms giving rise to the phenomena must be closely
related. One might associate the Tc enhancementand excess-conductance as simply

due to thermal fluctuations. However, according to the fluctuation theory, the
enhancement of superconductingtransition temperature originatingfrom fluctuations
shouldnot exceed the "bulk"value of the system.Apparently,herein,the interpretation
simplyby fluctuationsdoes not agree with the "large"Tc enhancementobserved in our

GBWL samples.

As shown in Fig. 2, the critical transitions under microwave irradiation are
hysteretic, with the transition from normal state to superconducting state (N --> S)
occuring at higher temperatures than that of the S --->N ones. We have checked the
same measurements with no external microwave applied and no transition hysteresis
were evident. Thus the results should be entirely originating from the microwave-
induced effects. In Fig. 3, we summarizethe power dependenceof Tc enhancementof

two different cases. Where the Tc is defined as the temperature at which 5 % of the

697



normal state resistance remains. The Tc defined in this way is apt to the main transition

of the microbridge, to be distinguished from the Tco encountered with phase slippage

effect, as will be described later. As can be seen immediately, the typical Tc

enhancements (_3K at optimal case) obtained here is remarkable, as compared to the
values of a few tens of mK to 100 mK typically observed in conventional
superconductors. The fact that the microwave-enhanced Tc's are all well above the

equilibrium value of the system, again, indicates that conventional fluctuation theorem
alone is inadequate to explain the results.

The mechanism that might be able to account for the Tc enhancement in YBCO

grain boundary weak-links is the microwave-induced nonequilibrium dynamics of the
redistributed quasiparticles derived for similar phenomena observed in conventional
superconductors [2-9]. The essence of this theoretical scenario was that the
redistributed quasiparticles in high-lying energy states, driven by the microwave field,
have higher recombination rate, resulting in a more effective pairing, and could
effectively increase a net reduction in the quasiparticle density. This, in turn, increase
the averaged magnitude of the superconducting energy gap, leading to enhancements
of both Tc and excess-conductance, in consistence with the results observed here.

In the framework of the nonequilibrium quasiparticle dynamics, the transition
hysteresis is explainable as: more energy is required to break up "well-ordered" pair
from cool side [1]. As a consequence, the transition from S _ N should be
characterized by an abrupt jump as indeed usually being observed. Such a signature,
however, is hardly evident in the present case. Thus, in order to understand the
intriguing results observed, we propose here a qualitative interpretation based on the
notion of fluctuation-aided nonequilibrium quasiparticle redistribution. Here, the ever-
existent fluctuations are regarded as the background needed for the realization of
microwave-triggered quasiparticle redistribution. Within the context of this crude

92.5
0 =36.8" /_

92 YBCOgrain-boundary_'eak-I

91.5

"_ 91

90.5

90 _ [ S--,Nstate transition ]
89.5 ' ' ' ' ' '

0 2 4 6 8 10 12 14

P(dBm)

Fig.3: The microwave power dependence of Tc enhancement, for the resistive

transition from normal (At)to superconducting (S) state (N-_ S) and (S -_ N).
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picture, a qualitativelyconsistentinterpretationfor allthe results presented here can be
obtained as follows. In the circumstances,the Cooper pairs in the superconducting
state below Tc are much well-defined, making it hard to turn on quasiparticle
excitations by the driving microwaves, even with the same extent of fluctuation
background assumed. On the other hand, when the temperature is approaching Tc
from the normal state region, the fluctuatingquasiparticlesare very easy to be excited
and re-distributed.As a result, the Tc enhancementoccurs at higher temperature in N

--_ S transition than that of S --_N one's. The functionaldependenceof ATc(P) (see

Fig.3) may also lend further support to the above argument.

To further elucidate the mechanismsunderlyingthese phenomena other peculiar
features originating from microwave irradiation were investigated systematically.
Perhaps the most important one to be noted is that the enhancement can only be
realized when cross boundary configurationwere practiced. No microwave-induced
enhancementwas observed in intra-regionsdespite of the fact that essentiallythe same
bridge dimensions in the same films were used. This strongly suggests that the
microwave induced enhancement occurs only in weak-linksand not in homogeneous
regions. It is contradicting to the experimentalresults observed in conventional
superconductors as asserted by Eliashberg'stheory, of which microwave enhancement
of superconductivitycan exist in a 'uniformstructure' only. As have been pointed out
by Aslamazov and Larkin that [15], the nonequilibriumstate occurs locally and the
resultant enhancementis associated with gap oscillationsin the weakly-coupledregions.
Only if the i:onstriction size, a, is smaller than coherence length (_) but larger than a
characteristic length 13= _(T)(1-T/Tc)1/4, there is superconductivityenhancement. In

order to interpret the results of no enhancementof 1c at T _ Tc, the constraint of_, > a

> rl= _(T)(1-T/Tc)1/4 is neededto be regarded.

Furthermore, we have performed studies on the GBWLs of 24° and 45° tilt
boundary, respectively. Fig.4 shows the effect of the microwave power on the R(T)
behavior of a GBWLs of 45° tilt boundary, measuredas the transition taken from the
superconducting to normal state (S _ N). We notice that, as revealed in Fig.4, the
transitions can be shifted to an optimalhigher temperature upon a microwave power
comparative lower than that for optimalcase in GBWLs of 36.8° 's. Moreover, when

incident power P > Popt the enhancementis ceased and the transition systematically
drops back to lower temperatures as P increased.In contrast, the GBWLs of 24° tilt
boundary is insensitiveto the microwaveirradiation,as shownin Fig.5. It corroborates
that no enhancement effect upon microwave irradiationwas also observed in case of
the uniformfilm.

The relation between tilt angles of GBWL's and the sensitivity of ATc(P) is

summarizedas follows.To the microwavepower, the GBWLsof 45° tilt boundary are
seen to be the most sensive, the 36.8° 's displaysmoderrate respone, and the 24° 's is
inert. This implies a correlation between GBWLs junction properties and the
microwave enhancement of superconductivity.A systematicstudy on this scheme is
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Fig. 4: The R(T) curve of YBCO grain boundaryweak-linksof 45° tilt boundary
under microwaveirradiation in a varietyof powers levels.

30

25 0 =24"(S->N transition)
_No

20
-----o----5dBm

o 15 "-"-'- 10dBm

10 _ 14dBm
"--"--- 18dBm
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i I I I

88 89 90 91 92 93
T(K)

Fig. 5: TheR(T) curve of YBCO grainboundaryweak-linksof 24°tilt boundary.
No enhancementis observed under under microwavepower levels.
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underprogress,to ascertainto whatextentofthe physicalconstraintin GBWLsplaya
role forthe observationof Tcenhancementundermicrowaveirradiation.

In conventional superconductors, the observationof Tc enhancementwas always

accompanied with observations of enhancement in Ic and energy gap in the 1-V
characteristics. To check if, indeed, similareffects occur in the YBCO weak-link, we
have performed the I-V measurementsat a variety of fixed temperatures and incident
powers. For the temperature range T <Tco, the experimentalresults showed that under
the microwave irradiation the Ic was depressed, accompanyingwith current steps in

the I-V characteristics. That is, no enhancement of 1c was observed in the YBCO

weak-links. However, when the I-V measurementswere performed at T _ 0.99Tco,
shape of V(I) curve changed from parabolic to hyperbolic with an invaried ohmic
linearity at higher current part, indicating an opening of energy gap. Detailed
descriptionsof the particularfeatures is givenin RetI20].

In ending,we would liketo emphasizethat the microwaveinduced enhancementof
superconducting properties was observed repeatedly for at least 3,, 4 runs each in
three weak-links.

4. Conclusion

In conclusion, we have presented the microwave induced enhancement of
superconductivity in YBCO grain-boundary weak-links; in which remarkable
enhancement of Tc were observed. The temperature dependent resistance curves

shows anomalous hysteresis behavior as the transition taken from superconducting
state to normal state and vice versa. Compared the microwave enhanced ATc(P), the
strength of sensitivity of three different tilt anglar GBWLs upon the microwave
irradiation have shown a systematic variations: the GBWLs of 45° tilt boundary is
most sensitive,the 36.8° 's displaysa moderrate respone, and the 24° 's is inert to the
microwave powers. The correlation between GBWLs junction properties and the
microwave enhancement of superconductivityimplies the geometrical constraint is
needed to be regared for the enhancement effect. Mechanisms associated with the
redistribution of nonequilibriumquasiparticlesunder microwave irradiation is being
worked out.
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Effects of Oxygen Stoichiometry on the Scaling Behaviors of
YBa2Cu30 x Grain Boundary Weak-Links
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Institute of Electrophysics, National Chiao-Tung University, Taiwan, R.O.C.

Abstract

The effects of oxygen stoichiometryon the transport properties of the
pulsed laser deposited YBa2Cu3Oxbicrystallinegrain boundary weak-link

junctions were studied. It is foundthat not onlythe crossboundary resistive
transition foot structure can be manipulated repeatedly with oxygen
annealing processes but the junction behaviors are also altered in
accordance. In the fullyoxygenated state i.e with x = 7.0 in YBa2Cu30x

stoichiometry, the junction criticalcurrent exhibits a power of 2 scaling
behavior with temperature. In contrast, when annealedin the conditions of
oxygen-deficientstate (e.g with x = 6.9 in YBa2Cu30x stoichiometry)the

junction critical current switches to a linear temperature dependence
behavior. The results are tentativelyattributed to the modification of the
structure in the boundary area upon oxygen annealing,which, in turn, will
affect the effective dimensionof the geometricallyconstrained weak-link
bridges. The detailed discussionon the responsiblephysicalmechanismsas
well as the implicationsof the present results on deviceapplicationswillbe
given.

1. Introduction

Since the first demonstration of Dimos et al. [1], the YBCO bicrystalline grain
boundary weak-link (GBWL) junctions have become one of the most extensively
studied fields in high Tc superconductivityresearches.From the practical application

point of view, such an extensive effort makes the GBWL the most successful
structure in superconducting electronic devices realized to-date [2-6]. Even for the
step-edge type junction devices developed later with the aid of rapidly maturing
deposition techniques [7-9], the basic physics involved were all, at least to some
extent, originated from the understanding acquired through the studies on GBWLs.
However, despite the successes obtainedalongthis line,there existmany fundamental
issues to be clarified. For instance, the low frequency 1/f noise exhibited in most
superconducting quantum interference devices (SQUID) made of GBWLs were
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tremendous and were believed to be due to either the trapping and detrapping
processes of charges situatedat the localizedstates existing in oxygen-depleted
regionsof about 1 rim-thicknearthegrainboundariesor dueto the motionof fluxons
trappedin the boundaryarea. On the other hand,in the step-edgetypejunctions,the
critical current-normal resistance product (IcRn product), which determines the

detection sensitivityof the devices, were usuallytoo low as comparedto the predicted
superconducting energy of gaps of the materials [10-13]. As a result, a thorough
understanding on the nature the GBWLs and to find a way of manipulating their
properties in a fully controllable manner are undoubtedlythe most important task to
be surmounted if further improvementsin devicesof this kind are considered.

In this paper, we report on the transport propertiesof YBCO bicrystallineGBWLs
deposited in-situ onto SrTiO3 bicrystalsubstrates with various grain misorientations

by pulsed laser deposition technique. It was found that by using a novel annealing
process to precisely control the stoichiometryof the whole structure, not only the
structure of the resistive transition tails (appearswhen the applied current was across
the junction) but the scalingbehaviors of the junction criticalcurrent as a function of
temperature were all able to be altered in a repeatable manner, indicating a
fundamental change in the nature of the GBWLs occurred. In the fully oxygenated
state i.e. with x = 7.0 in YBa2Cu30x stoichiometry,where the Tc's of the filmsremote

from boundary areas were all above90 K indicativeof high qualityfilmswere obtained,
the junction criticalcurrent exhibitsa 3/2 power scalingbehavior with temperature. In
contrast, when annealed in the conditions of oxygen-deficientstate (e.g. with x = 6.9
in YBa2Cu30 x stoichiometry) the junction critical current switches to a linear

temperature dependence behavior. The physical mechanisms responsible for the
observed switchovers are tentatively attributed to the modification of the effective
dimensionof the geometricallyconstrainedweak-linkbridgesduringoxygen annealing.
More important is that such switchoverbehaviorswere in fullycontrollablefashion and
were dependent only the annealingconditions applied. Since the actual nature of the
junction is what determinesthe all importantJosephson effects to be utilizedin device
manufacturing,the results obtained in the present study are considered significantnot
only in the understanding of the fundamentalphysicalmechanismsinvolved but also
have important implicationsfrom the practicalpoint of views.

2. Experimental

The bicrystallineYBCO films used in this study were deposited in-situ onto the
SrTiO3 bicrystal substrates with a tilt grain boundary angle of 36.8° by KrF excimer

laser. The deposition conditions have been reported in detail previously [14]. Briefly,
the substrate temperature was held at 770° C using a CW CO2 laser as the heating

source. The oxygen partial pressure was kept in the range of 0.2-0.3 Torr during
deposition with a laser energy densityof 2-4 J/cm2 and a repetition rate of 3-5 Hz. It
is noted that it took less than 1minute to cool the filmsdown to room temperature by
the present process. Usually, the films thus obtained are all having rather smooth
surface morphology with Tco ,_ 90 K and nearly perfect c-axis oriented crystalline
structure.
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In order to define the junction properly, the bicrystallineYBCO films were all
patterned into bridge-type configuration, as depicted in Fig. 1, by standard
photolithographyprocesses. It is noted that the patterningprocesses, though involving
some acid etching, do not affectthe qualityof the filmsnoticeably.In Fig. 1, the leads
were arranged in way such that both intra-boundaryand inter-boundaryproperties of
the same films would be measured and compared. To avoid possible heating effects,
which may become crucial in later measurements,gold pads were deposited on each
connecting lead and then annealedin oxygento reduce the contact resistance.

For oxygen stoichiometrycontrol,the thorough equilibriumdata of Gallagher et al.
[15] were used as a standard reference in setting appropriate annealingconditions. In
our practice, sampleswere sealed in a quartztube with proper oxygenpartial pressures
and then the whole assemblywas then placed into a tubefurnace hold at an appropriate
temperature, typically in.the range of between 370°C and 470 °C. Since the whole
system was essentiallyat thermodynamicalequilibrium,the oxygen content was thus
determined thereby. To make further check the full resistivetransition R(T) behaviors
were compared with those of Ohkubo et al. [16] and Ossandon et al. [17] for samples
with different presumedoxygen stoichiometries.It wasfound that the two independent
methods gave rather consistent results, indicatingwe are indeed obtaining the right
oxygen stoichiometry by using the present annealingscheme. All the samples, when

1"

grainboundary

Fig. 1: The optical picture showingthe typicalgeometrical configuration of the
grain boundary weak-link junctions formed on YBCO films deposited on
bicrystalline SrTiO3 substrates. The arrow shows the location of the grain
boundary.
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irradiated with microwave with frequencyof- 12GHz,showed clear current steps at
correct voltages in the cross-boundarycurrent-voltage(/-//) characteristics, indicating
that the GBWLs are indeed Josephsonjunctions in nature. It is, however, very difficult
to distinguish the nature of the junctions directly from the steps appearing in I-V
characteristics alone, as the manifestations of Josephson effects are, essentially,
indistinguishablefor SIS and SNS junctions. Thus, other steps have to be taken to
further elucidatethe subtleeffectsof oxygenstoichiometries.

3. Resultsand Discussion

Figure 2 shows, as an example, the effects of changing oxygen stoichiometry on
the R(T) transition of one of the GBWLs studied. It is emphasized that the behaviors
shown here are completely reversibleand fullycontrollable.That is, depending on the
particular annealingconditiongiven, the R(T) behaviorsshown in Fig. 2 are unique for
each condition applied.We have checkedthis for at least four cyclesand found that the
uniqueness remains essentiallyunchanged.As can be seen in Fig. 2, there are several
features to be noted. The foot structuresshown in Fig. 2 are only observablewhen the
current is applied across the bicrystal grain boundary and does not appear when the
current was limitedin the intra-boundaryregions. Thus it can be considered only arise
from the effects of the boundary and not from inhomogenityof the films.Furthermore,
the foot structure as well as the whole R(T) curve, as depicted clearly by the three
conditions given here, change significantlywhen the oxygen stoichiometry varies,
indicative of overall change in oxygen stoichiometryduring annealingprocesses. This
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Fig. 2: The typical cross boundaryR(T) behaviorsexhibitedby the same GBWL
under three different annealingconditions. Three curves depict the as-deposited,
fullyoxygenated and oxygen-deficientcases, respectively.
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is not surprisingas has beenpointed out earlier [14, 16-17].The diffusionof oxygen in
YBCO filmsis at least comparablewith that in sintered porous bulk samples and it is
easy to acquire equilibrium oxygenation states. Consequently, the depression and
enhancement in Tc as compared to the as-deposited case are due to overall
oxygenation states. The normal state resistance further indicates the effects of
annealing in promoting atomic rearrangement and, hence, in eliminatingcrystalline
defects. In our depositionprocess, the filmswere all quencheddirectlyfrom deposition
temperatures withina matter of tens of seconds and no intermediateoxygen annealing
and slow cooling was involved [14]. Thus, relativelydefective structure is expected.
This explains why even with higherTc's as compared to the oxygen deficient case the
normal state resistance is higher. The situation, nonetheless, should not affect the
general behaviors to be discussedin the following.

Perhaps, the most important feature that is of interest here is the foot structure in
R(T) curves. As is clearly demonstrated in Fig. 2, in the fully oxygenated condition,
though the foot structure has been suppressed significantlyas compared to the other
two conditions, it is still existent. As has been mentioned earlier, this is a direct
consequence of weak-link behavior. Otherwise, similar effects should also be
observable in intra-boundaryregion. An alternativeexplanationof such foot structure
in R(T) transition was attributed to the fluxoncreep effects,first proposed by Tinkham
[18]. However, since there were Josephson effects routinely observed in these
GBWL's together with the fact that it only appeared when cross boundary properties
were measured, the mechanismresponsible for the foot structure is believed to be a
manifestation of order parameter phase slippageacross the boundary instead of being
due to flux creep effects. With this in mind, we have proceeded to measure the
temperature scaling behavior of the junction criticalcurrent to try to delineate the
nature of the GBWL's, especiallyhow it would be altered with the change of oxygen
stoichiometry.

Figure 3 shows the characteristicsof the current-voltage (l-V), which display the
overall 1-V features can be described by the RSJ model. We have extented our 1-11"
measurementsto a linearregion and then extrapolateback from the linear region to the
zero voltage state to determineIc. The results thus obtained were then plotted as a

function of reduced temperature, define as t = T/Tc, and is shown in Fig. 4. For the

full oxygenated junction the Ic shows an Ic _ (1-01.98 behavior, Fig. 4(a). Such a

temperature dependence, is consistent with quadratic dependence (i.e. Ic - (l-t) 2 )
expected for an SNS proximityeffect tunneljunction. Alternatively,one might suggest

that it is may comparable to a (l-t) 1.5 results observed in superconducting whiskers
and long bridges,however. Thus, it seemsthat the present GBWL structures are more
likely to be geometricallyconstrained bridges rather than direct tunnel junctions. In
contrast to that described above, forjunctions annealedin oxygen-deficientconditions

(e.g. x = 6.9), the Ic(T) exhibitsan Ic _ (1-00.93 behavior,as shown in Fig. 4(b). Since

the nearly linear temperature dependenceof junction Ic can be either interpreted as a
result of SIS Josephson behavior or direct consequenceof a short bridge constriction,
the results are to be discussedfurther.
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Fig. 3: The characteristics of the/-Vofa fully oxygenated YBCO GBWL'sl

According to Ambegaokar and Baratoff [19], in an SiS Josephson junction, the
critical current as a functionof temperatureis expressedas:

Ic(T) = Io[ A(T)/A (O)]tanh[A(T)/2kB T], (1)

with 10 = rr A (O)/2eRn representingthe zero-temperaturecriticalcurrent. Expression
(1) can be further reduced to

Ic(T) ,-.. 1/4 {Io[2A (O)/kB Tc] }[I-(T/Tc)], (2)

for temperatures very close to Tc and taking the usual BCS expression A (7) = A (0)

[1-(T/Tc)]1/2 for the superconducting energy gap. Although, it gives the required

linear temperature dependence for the observed results, the fact that the observed
linear lc(T ) is evidently extended to a region well below where expression (2) is
applicableand whether the gap energyis BCS-likeor not is stilla matter of debate [20,
21], it seems not physicallyplausibleto assume that it is indeedthe case. On the other
hand, as compared to the results shown in Fig. 4(a), the present case should also be
considered as a consequence of geometrical constraint alternation due to oxygen
lodgment and dislodgment during annealing. In the fully oxygenated state
homogeneous distributionof the much needed oxygen is expected to be fulfilled,thus
the whole boundary can be considered as a singleweak-linkand hence gives rise to a
long bridge behavior. On the contrary, in the oxygen deficient condition, localized
short bridges are likely to exist due to defective nature of the grain boundaries. By
attributing the switching behaviors in Ic(T) scaling of the GBWL's not only the
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Fig. 4(a): The temperature dependence of the critical current Ic ploted as a

function of (l-t) for the fully oxygenated YBCO GBWL's, showing a power of
nearly 1.98 behavior for geometrically constrained long bridge characteristics.

Fig. 4(b): Similar plot as in (a) for the oxygen-deficient YBCO GBWL's,
demostrating a near linear temperature dependence, a characteristic of
geometrically constrained short bridge weak-links.
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observed experimental results can be explained in a rather consistent fashion but also
on a physically more plausible basis. Certainlythe validity of the above assessments has
to rely on more detailed microstructural studies of the bicrystalline films to give direct
supporting evidences. Nevertheless, the present experimenthas, undoubtedly, not only
provided a powerful probe to investigate the fundamentalelectronic properties of these
practically important device structure but also has made a further step on the designing
of applications.

4. Conclusion

In summary, we have presented a novel technique in controlling the oxygen
stoichiometryand investigatedits effects on the transport properties of the pulsed laser
deposited YBCO bicrystalline GBWL structures. It has been observed that, by
precisely manipulatingthe oxygen stoichiometrythe Ic(T) behaviors of the GBWL's

exhibit a switchover from the SNS behavior tends to be SIS type, as for fully
oxygenated state is de-oxidated to be an oxygen-deficientsituation.Alternative maybe
given as an switchover from a geometricallyconstrained long bridge weak-link for
fullyoxygenatedstate to a short bridges for oxygen-deficientsituations. The results are
tentatively attributed to the defect structure rearrangementsinduced by the lodgment
and dislodgmentof oxygenduringthe annealingprocesses.
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ABSTRACT

A superconductor, of composition Y(Ba,K,Na)2Cu3Ox/Fy and a
composite, of composition Y(Ba,K,Na)2Cu3Ox/Fy + Ag, with changing K, Na
and F content, but a constant silver content (Ag = 10 mass per cent) was
prepared using a single heat treatment. The resulting material was ground in a
corundum lined mill, separated to particle size fractions of 0-40 _tm, 0-63 _tm
and 63-900 _tmand explosively compacted, using an explosive pressure of 104
MPa and a subsequent heat treatment. Best results were obtained with the 63-
900 _tm fraction of composition Y(Ba1,95K0,01)Cu3OxF0,05/Ag: porosity
< 0.01 cm3/g and current density 2800 A/cm2 at 77 K.

INTRODUCTION

The raw material, synthesized for explosive compaction was a
superconducting solid solution, of composition YBa2Cu307_A, with Ba-ions

partly replaced by alkali ions, and oxygen ions by fluoride ions. In some of the
experiments a superconductor/silver composite was used.

According to I-Wei Chen [1] superconducting properties are less
affected by oxygen content and sintering parameters if alkalis are substituted
for barium.

Nedkov and Dragieva [2] studied superconductors, of general

composition Yl_0.2xBa2.0.2xMxCu307_A, where M -- Li, K, Na, and found
that with increasing, sintering temperature the shape of the magnetic
susceptibility vs. temperature plot is changed as contrasted to pure
YBa2Cu30 7. The most striking change was shown in case of K-doped sample.
As the density of samples was also changed, in the order of nondoped > K >
Na > Li, their obvious explanation was that doping ions occupy a part of lattice
vacancies. The comparative XPS investigation of the K-containing and
nondoped samples showed an increased number of trivalent copper ions, to be
explained with the transformation of
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Cu:. + Ba:. = K. + Cu3. [3]

Nedkov and co-workers [4] tried another possibilitytoo: to replace even
copper by alkalis (K+, Na+, Li+) in superconductingceramics. The change in
the valency state of copper can be describedby the formula

y3+,-,a2+M+Cu2+ ,-, 3+_.x2-
lJ 2 x 3.5-2xL"Ux LJ7-A

Superconducting crystals increase in size as a consequence of alkali
substitution for Ba2+ ions (2.5 mol.%), even in case of identical heat treatment
(Enisz, Kotsis, [5]). This tendency increases in the order of
Na<K.

YBa2Cu307F and YBa2Cu306F2 should be mentioned among
fluoride-containing superconductors [6, 7, 8]. These have been prepared by
solid state reactions, from BaF2, CuF2 and YF3 showing a slight improvement
of Tc and other superconducting properties. If, however, the YBa2Cu307_A
phase is thermally treated at 300 oc in NF3 gas, then only the Meissner effect
is improved considerably.

The joint partial replacement of Ba2+ ions by Na+ and K+, and of
oxygen ions by fluoride ions (Kotsisand Enisz [9]) result in an increase of Tc
(by 6-!0 K), of bulk density and of critical currentdensity.

YBa2Cu307_A/Ag composites were designed primarily for HIP
technology (Hendrix, Borofka [10, 11]), showing that the incorporation of
silver brings improvements in workability; besides that the composite is
denser, has a higher critical current density and even its soldering properties
are improved. Silver is present primarily as a metal in this composite. A
superconductor, of composition YBaAg30x (Tc = 50 K) is also known. A
partial replacement of copper by silver in YBaCu307_A superconductors
results in the formation of a multiphase material, simultaneously with a
decreased To.

EXPERIMENTAL

Aim:
Preparation of a composite substance, of composition

Y(Ba,K,Na)2Cu3OxFy + Ag which can be well shaped with explosive
compacting, and its density, critical current density and solderability enables
practical application.
Materials:

The following raw materials were used: Y203 (purity 99.99%, surface
area 18.1 sq. m/g (Merck); Ba(OH)2.8H20; CuO (surface area 18.4 sq. m/g,
prepared by a 500 °C/lh heat treatment of basic copper carbonate,
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CuCO3.Cu(OH)2.nH20); KF.2H20; NaF; and AgNO3. All chemicals were
of r.g.purity.

Weighed batches of dry raw materialswere shaped into pressed pellets
(dia 25 mm, high 3 mm), and fired in an electric kiln in oxygen (15 dm3/h
flow velocity). Heating and cooling rate was 300 oC/h. The pressure used was
25 MPa.
Equipment:

The pore volume of heat treated samples was measuredby a Carlo Erba
type mercury porosimeter.

The phase composition of the heat treated samples was determined by
X-ray diffraction analysis. These measurementswere carded out by means of a
Philips-1825 type instrument. The lattice parameters were calculated by a
regressionanalysis of data corrected for systematicerror.

Magnetic susceptibility was measured in Brucker's device according to
Faraday's principle.

Critical current density was investigatedwith the system consisting of a
Solartron-Schlumberger7071 type voltmeter and a DC Power Supply current
generator.

The microstructure of the heat treated samples was examined by a
JEOL JSM 50A type scanning electronmicroscope.

RESULTS

Results are summarized in Table 1. The second column shows
calculated compositions of the batches, the third the actual chemical
composition of fired samples.

Table 1. Composition of batches and fired samples
(Fired samples contain 10% (m/m) Ag)

Designation Calculatedcomposition Compositionof fired
of batch sample

KF Y(Bal 95K005)Cu3OxF005 Y(Bal 95K0.07)Cu3OxF005
KF/Ag Y(Bal.95K0.05)Cu3OxF0.05/ Y(Bal.95K0.01)Cu3OxF0.05/

Ag Ag
NaF Y(Bal 9Nao. 1)Cu3OxF0.1 Y(Bal 9Nao. 1)Cu3OxF0.1

NaF/Ag Y(Ba1.9Na0.1)Cu3OxF0.1/ Y(Ba1.9Na0.07)Cu30xF0.1/
Ag Ag

NaKF Y(Ba1.9Na0.05K0.05)Cu30x Y(Bal.90Na0.05K0.02)Cu30x
F0.1 F0.1

NaKF/Ag Y(Bal.9Na0.05K0.05)Cu30x Y(Bal.90Nao.03K0.01)Cu30x
F0.1/Ag F0.1/Ag
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Investigation results clearly show that no fluoride losses occur during
heat treatment; alkali ions, however, behave in a different way. In silver-free
samples, the Na quantity remains unchanged after firing, while the K quantity
is reduced by two-thirds; in silver-containing samples, both Na and K are
reduced during firing.

Those pellets were selected for further investigation which show
favorable x= f(T) characteristics (Fig. 2). As well seen in the figure, a
minimum change of the plot, in the presence of silver, is shown by samples
containing K-ions.

Fig. 3 shows that the presence of silver, according to XRD patterns,
changes the ratios of other crystalline phases. Approx. 5 % (m/m) CuO,
BaCuO2 and Y2BaCuO5 can be seen, besides approx. 85 % (m/m)
orthorhombic superconductingphase and approx. 10% (m/m) silver phase.

Porosity of fired pellets is shown in Table 2. In this table total porosity

(£Vp), porosity over 7500 nm (r >7500 nm Vp) and.porosity,below 7500 nm
are shown; in the latter case, pore size distribution is indicated too. Here "r"
means pore radius, while "R%" the quantity of the pores > r, expressed in
%(v/v).

Table 2. Porosity of sintered KF and KF/Agsamples

Designation £Vp (cm3/g) _P (cm3/g)$
r >7500 nm r < 7500 nm r (nm) R%

1500 73

KF 0.2570 0.1159 0.1411 { 1250 83
682 93
183 100

1250 73

KF/Ag 0.0612 0.0462 0.0150 { 682 83
183 91
150 100

As well seen in Table 2., the porosity of the KF sample is decreased to
its quarter upon the addition of 10 % Ag. The volume ratio of pores > 7,5 _tm
radius increases from 45 % to 75 %, while that of <7,5 _tm decreases from
55 % to 25 %, with a simultaneousdecreaseof pore sizes.

Samples in pellet form were ground in a corundum mill and the ground
product separated to particle size fractions0-40 _tm,0-63 _tmand 63-900 _tm.
These fractions were then explosively compacted in the device shown in
Fig. 1. By increasing explosive pressure from 103 MPa to 104 MPa, the
surface of crystals became destructed (fraction 0 - 40 _tm,sample KF) as seen
in the polished surface electron micrograph(Fig. 4.). Table 3. summarizes the
porosities of explosivelycompacted samples(explosivepressure = 104MPa).
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Table 3. Porosity of explosively compacted samples

Designation Particle size range (_tm) Total porosity (cm3/g) ]EVpafter
explosive compaction

0 - 40 0.05
KF 0 - 63 0.0375

63 - 900 0.0322
0 - 40 0.0306

KF/Ag 0 - 63 0.0282
63 - 900 0.0203

The comparison of porosities clearly showsthat highest density can be
achieved of the 63 - 900 _tmfractionof sampleKF/Ag: this is only one third of
the same sintered, and only 1/13part of the silver-free sintered sample.

Fig. 5. clearly shows that the decrease of porosity causes only little
changes in the susceptibility vs. temperatureplot in case of the KF and KF/Ag
samples. In explosively compacted samples critical current density increases
with decreasing porosity, to reach a highest value of 800 A/cm2 at 77 K. The
porosity can be reduced to a value of < 0.01 cm3/g using a subsequent heat
treatment (850 oc, 10 h, 15 dm3 oxygen/h). This increased the critical current
density up to 2800 A/cm2 at 77 K. Figs. 6., 7. show SEM micrographs of the
fracture surfaces of sintered KF and KF/Ag samples; the similar micrograph of
the explosively compacted, 63 - 900 _tm sample is shown in Fig. 8. It is
striking that average crystal size in Fig. 8. is smaller than individual crystal
size in Fig. 7. All this means that explosive shock separates relatively coarse
particles, glued either via a bond phase or a boundary phase to yield a
favorable, dense steric arrangement. A disintegrationof particles takes place
too, albeit to a lesser extent only.

As a result of subsequent heat treatment the particle size increased
(Fig. 9.) besides decreasing of porosity causing a higher value of critical
current density.

CONCLUSIONS

• The heat treatment of Y(Ba,K,Na)2Cu3OxFy-based superconducting
ceramics does not decrease the Na and F content of the batch, while the K
content is reduced to 1/3of the original.

• The heat treatment of a composite containing 90 % (m/m)
Y(Ba,K,Na)2Cu3OxFy and 10% (m/m) Ag results in the constancy of F, a
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decrease of K to 1/5 of its original value and a decrease of Na by 30
- 35 % (m/m).

• The minimum amount of explosive pressure to reach a satisfactory density
is 104 MPa, in case of Y(Ba,K)2Cu3OxFy and Y(Ba,K)2Cu3OxFy/Ag
samples.

• The density of the product can be affected to a high extent by changing the
particle size of the starting material.
• The silver-containingcompositegiveshigher density.
• Density of final samples showsthe orderof 0 - 40 gm < 0 - 63 l.tm< 63

- 900/am.
• Best result achieved in this series of experiments:critical current density =

2800 A/cm2 at 77 K, porosity< 0.01 cm3/g, using a Y(Ba,K)2Cu3OxFy +
Ag (90 + 10 % m/m) composite,63 - 900 _tmfraction, 104 MPa explosive
pressure and a subsequentheat treatment.
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HIGH EXPLOSIVE

Y-Ba-Cu-OPOWDER

COMPACTEDY-Ba-Cu-OPOWDER
SILVERTUBE

103 - 104 MPB

Fig. 1. Scheme of explosive powder compaction

85 90 95 100 105 T. K0

Fig. 2. r = f(T) for superconducting pellets 03 = 1 tesla)
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Fig. 3. X-ray diffraction patterns of KF (a) and KF/Ag (b) pellets

Fig. 4. Polisched surface of an explosivelycompactedsample
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Fig. 6. Fracture surface of the sintered KF sample
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Fig. 7. Fracture surfaceof the sintered Fig. 8. Fracture surface of the
KF/Ag sample explosively compacted,

63-900 gm KF/Ag sample

Fig. 9. Fracture surface of the explosively compacted KF/Ag sample after
subsequent heat treatment

721



PERCOLATIONEFFECTIN THICK FILM SUPERCONDUCTORS

(Using a Bi(Pb)SrCaCuObased paste to prepare a superconducting planar
transformer)
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SUMMARY

A thick film superconductor paste has been developed to study the properties of
granulated superconductor materials, to observe the percolation effect and to
confirm the theory of the conducting mechanism in the superconducting thick films.
This paste was also applied to make a superconducting planar transformer. Due to
high Tc and advantageous current density properties the base of the paste was
chosen to be of Bi(Pb)SrCaCuO system. For contacts a conventional Ag/Pt paste
was used.

The critical temperature of the samples were between 110 K and 115 K
depending on the printed layer thickness. The critical current density -at the boiling
temperature of the liquid He- was between 200 - 300 A/cm2. The R(T) and V(I)
functions were measured with different parameters. The results of the measurements
have confirmed the theory of conducting mechanism in the material. The percolation
structure model has been built and described.

As an application, a superconducting planar thick film transformer was planned
and produced. Ten windings of the transformer were printed on one side of the
alumina substrate and one winding was printed on the other side. The coupling
between the two sides was possible through the substrate. The samples did not
need special drying and firing parameters. After the preparation, the properties of
the transformer were measured. The efficiency and the losses were determined.
Finally, some fundamental advantages and problemsof the process were discussed.

1. INTRODUCTION

In recent years, various methods were applied to prepare superconductor
materials. The screen - printing film technology is one of the rarely applied methods,
however it can be performed using conventional substrates and it needs only cheap
polycrystalline materials. In Hungary a good manufacturing process was developed
to make a high Tc superconductor paste, which does not need special drying and
firing parameters. Using the paste, the process is fully compatible with the traditional
thick film technology. Thus, the superconductor electronic elements made with this
technology can be connected to other thick-film electronic elements and two
dimensional layouts of complicated shape can be prepared.[1]
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2. STRUCTURE OF THE MATERIAL

The base of the paste is the Bi(Pb)SrCaCuOsystem.This type of superconductor
material has a granulated structure. In this structure, the typical grain size is
between 0.5 to 10 p.m.The couplings between the individual grains generate a 3
dimensional - net, resulting in superconduction. The name of these couplings,
because of their superconductor-insulator-superconductorstructure, is "Josephson
transitions" and the name of the net is "Josephson - net". M6szaros et al [2] have
observed, that the composition of the surfaceof the grains is different from the inside
of the grains. The surface area is richer in copper and poorer in oxygen than the
bulk. This difference may cause the relatively low critical current density of the
samples.

3. SAMPLE PREPARATION

The samples were prepared on 96 % alumina substrates by the method
described by Besenyei et al [3]. During the preparation of the paste, the grain size
was measured on the basic powder. Firstly, more than 30 percent of the sample
consisted of grain-size 10 - 50 p.m.This average size was still not satisfactory for the
conducting mechanism, so a manual grinding was applied to decrease the size of
grains. Secondly, the grain size distribution was better then in the first case because
the average size was about 5 p.m.

After the grain size measurements, a printable paste was produced from the
basic powder. Samples were printed with 200 mesh screen (the swap off was 1.8
mm) and dried for 10 minutes at 150 °C in air. The superconductor layer was fired in
a Johnson -Wattkins furnace with a normal temperature profile, where Tmax was
850°C. For contacts, a general purpose Ag/Pt conductor paste was applied. In the
case of contact layers the maximum firing temperature was 800°C and the
atmosphere was air, too. The thickness of fired layerswere 20 and 38 p.m.

4. RESULTS AND DISCUSSION

The electric field in the superconductors depends on the current density (J), on
the external magnetic field (Bext) and on the temperature (T). However, the value of
the magnetic field (B) is determined not only by the external magnetic field, but also
by the so called 'tnagnetic prehistory" of the samples. Before the application of the
paste, we wanted to know the electrical properties of the superconductor samples.
So, we performed the following measurementsby using contactsas shows in Fig.l:

1. R- T function V=V(T), Bext=Const,I=const
2. I - V function V=V(I), Bext=Const,T=const
3. B - V function V=V(B), I=const,T=const

superconductor layer

contact layer

Fig.1 Layoutof four-contactmethod
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4.1. The R - T functions

These functions are important characteristic of the superconducting materials,
because the Tc can read from the graphs and the graphs show the different ways of
the conducting mechanism. Fig.2.a shows two graphs : One corresponds to the one-
layer sample, the other to the two-layer sample. One can observe, that the
resistance of the two-layer sample is less than the one-layer, but the Tc-s are equal.
Thus, the Tc which can be read from the graphs is about 115 K.

Fig.2.b shows the results of measurements with three different current values
from 0.05 mA to 0.5 mA by decades. The graphs confirmed the theory of the
conducting mechanism. They show a significant difference only in the case of T<Tc.
The reason may be the grainy structure of the material. The graphs can be divided
into two parts according to the way of conducting mechanism;

-in the case of T>Tc, almost only the individual grains conduct and their critical
current density is larger than the critical current density of the inter - grain
Josephson - transitions. Thus, the three graphs coincide;
-in the case of T<Tc, the inter - grain Josephson - transitions determine the
critical current of the samples. This current is less than the critical current of the
grains, so a difference between the measuring currents appears on the graphs.
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Fig.2 Measurement results by using four-contact method:
a-b. R-T functions; c-d. V-I functions;
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4.2. The V- I functions

The graphs shown in Fig.2.c are the V - I functions with T as a parameter, when T
ranges from 4.2 K to 86 K and the value of external magnetic field is zero. Significant
difference was registered only at T=86 K. Here, the critical current density decreased
drastically and the sample resistance increased rapidly to a relatively high level. The
reason of this deviation is the low critical current of inter-grain Josephson-
transitions.

The V - I function with B as a parameter was measured at constant T=4.2 K
temperature. Fig.2.d clearly shows that the external magnetic field works against the
superconduction. The value of the critical current decreased significantly with
increased of the value of the external magneticfield.

From the results, the so-called '_ercolation model" can be built up. It means: the
3D-bar ceramic superconductor consists of many individual grains. These grains
joint to each other with Josephson-transitionsand the grains with the transitions form
a weak-coupled net. This 3D-net is the percolation structure. Fig.3 shows a piece of
superconductor material in 2D, where the grains and the percolation paths can be
observed. During measurements, the most important observation was that the
external magnetic field penetrates into the grains -decreasing the critical current
density of the samples before its value reaches the value of the critical magnetic
field of the superconductor (Hc). The reason of this phenomena may be that a so-
called "Josephson-flux" starts to grow between the grains.

path

superconductor grain

Fig.3 Percolationpaths in the superconductor

5. THE PLANARTRANSFORMER

Finally, a realised superconductorplanar transformer is described.The properties
of the superconductor layers of the transformer were the same as we stated above.
Our aimswere as follows;

to transform the voltage from a higher level to a lower level, where the response
is true to the original form;
to realise a good electrical isolation between the two sides of the transformer.

According to the stated rules above, ten windings of the transformerwere printed
on one side of the 96 % purity alumina substrate and one winding was printed on the
other side as shown in Fig.4. Transformer parameterswere as follows [4]:
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-Internal diameter 10 mm
-Outside diameter 40 mm
-Width of primary turns 1 mm
-Width of secondary winding turn 15 mm

The samples were prepared with the same drying, firing and printing parameters
as we have described previously, but the primary and the secondary superconductor
layers of the transformer were fired at the same time. It was a big problem to give the
same atmosphere and the same temperature profile to both layers on two sides.
Number of the printed layers were 1 or 2 on each side of the substrates. On the
secondary side of the transformer the width of the winding was different from the
width of the primary windigs. The reason of this layout design was that we wanted a
good coupling between the two sides. It was very interesting, that the fully non-
magnetic substrate can cause a satisfactory coupling.

_ t_tl¢1

_0,_

Primary side Secondary side

Fig.4 Layout of the planar transformer

5.1. Measurements on the transformer

In the first part of the measurements we wanted to make certain of the
superconduction on each side of the transformer. Thus, we performed the simple
four - contact measuring on both sides of the samples. The results were very
interesting, because we could find the abrupt resistance - changing, but the value of
the resistance did not reach zero. There are two possible different explanation of this
phenomena;

-because of the two-side firing technology, the samples are not able to reach the
superconducting state and they have a finite resistance;

-the samples would be able to reach the superconducting state, if the transformer
had only one side. We suppose, that the throw-out magnetic field of the non-
measured side of the sample (which is in superconducting state too) may destroy
the superconduction of the measured side. This influence prevents the samples
from reaching the superconducting state.
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In the second part of the measurements the superconductor transformer was
measured in normal and in cooled (superconducting)state. At last the measurement
results of the superconductor samples were compared with another transformer
which was made of a general purpose Ag/Pt conducting paste. The measurements
were performed with three different input signals (square-, triangle- and sine
functions). We gave to the samples 2.2 V peak-to-peak voltage and examined the
output voltage with oscilloscope.The efficiency (TI)and the losses (8) were defined:

_routreal

11-- l/routideaI (1.) 8 = l - 13 (2.)

where UoutreaI was the value of the measured voltage on the secondary side and
Uoutideal was the value of the input voltage divided by the coupling factor (n=10).
Thus, the efficiency and the losses could be calculated based on the results. The
frequency of the input signalswas chosen as a parameter from 10 kHz to 2 MHz.

Table 1. shows the measurementresults of a two-layer superconductorsample in
normal state. We observed, that the transmission of the square- and the triangle
functions was not satisfactory because these functions were differentiated by the
sample. The transmission of the sine function was faithful to the original form in all
frequency - region. Thus, later the sine input signal was chosen to be the main input
signal. The maximum efficiency was calculated at 1.9 and 2 MHz, its value was 79%.

Table 1. Measurement results in non-superconductingstate

Frequency (kHz) Response of2-1ayersample (mV) Efficiency (%) Losses (%)
10 8 4 96
100 51 23 77

1000 130 59 41
1300 145 66 34
1600 165 75 25
1900 175 79 21
2000 175 79 21

We wanted to measure the one-layer samples too, but after the firing these
samples became useless, because the relative thin superconductor layer was not
continuous.

Table 2. shows the measurement results of the previous two-layer
superconductor transformer in the superconductingstate. The main input signal was
the sine function with different frequencies from 10 kHz to 2 MHz. One can observe,
that the efficiency was better - above 1 MHz - than we measured in the normal state.
The maximum efficiency was calculated at 1.9 and 2 MHz, its value was 89 %. The
increased efficiency value might be caused by the abrupt resistance decreasing.

Table 3. shows the measurement results of a two-layer planar transformer made
of general used Ag/Pt paste. This device had got a very low efficiency and high
losses. It started to transform only at 1 MHz, but it had got a big advantage: It
worked with 20 V peak-to-peak input voltage too.
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Measurement results in superconductingstate

_Frequency(kHz),Response of_layersample (mVIEfficiency(%)!Losses(%)
10 6 3 97
60 30 14 86
100 48 22 78
600 120 55 45
1000 150 68 32
1300 170 77 23
1600 180 82 18
1900 195 89 11
2000 195 89 11

Measurement resultsof a traditional thick-film transformer

Frequency (kHz) Response oflhe sample (mV) Efficiency (%) Losses (%)
100 0 0 100
600 0 0 100
1000 60 27 73
1300 80 36 64
1600 80 36 64
1900 90 41 59
2000 100 45 59

CONCLUSIONS

produced paste correctly showed the special properties of the high Tc
superconducting ceramics. This paste could be printed well and easily, it did not

drying and firing methods and parameters.The measurement results of
functions and the percolation effect confirmed the theory of the conducting

the superconductingthick films.

superconductor middle- and high- frequency planar transformer was fabricated
This transformer operated satisfactory in the MHz region. It was

normal planar transformer and the results were given. The greatest
transformerwas caused by the grainy structure of the superconductor

this type of superconductor the boards of grains as a Josephson -
not able to put up higher power. Thus, the conduction mechanism

of using and the value of the input signal of the transformer was
2.2 V. The maximum critical current density was 103 A/cm 2 as
106A/cm2ideal value.

improvement is to decrease the size of the grains in order to increase
critical current density.
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ABSTRACT
The main features of the theory of line groups, and their irreducible representations

are briefly discussed, as well as the most important applicationsof them. A new approach in
the general symmetry analysis of the modulatedsystems is presented. It is shown, that the line
group formalism could be a very effective tool in the examination of the structural phase
transitions in High Temperature Superconductors. As an example, the material YBa2Cu3OT.X
is discussed briefly.

INTRODUCTION

The geometrical symmetries of a system possessing periodicity in one
dimension form a line group by definition. The line groups were first derived by
Hermann [1], and 75 line groups were found with "crystallographic character".
Omitting the detailed discussion of the intermediate steps in the development of the
line group theory is mentioned the X-ray structure analysis of polymers [2] based on
this theory. The line group theory is the base for the Fourier-Bessel synthesis of
structural investigations of polymers, as well as the Sch6nfliess' theory in the
structural investigations of 3l) crystals. This paper presents and adopts completely the
formalism and notation of the line groups, described and later repeatedly exploited
by Vuji_i6 et al [3-6]. It has been proved, that all of the innumerable line groups can
be gathered into thirteen families containing "non-crystallographical" symmetry
transformations among the group elements, too. There is a crucial difference between
the derivation of the line groups and the space groups of the ordinary, 319 crystals.
In the case of the line groups, the possible symmetries of the motif (monomer - in the
case of polymers), is examined leaving invariant the main axis of the system, too.
While in the construction of the space groups of 319 crystals the symmetry relations
between the possible translations in the crystal and the point group-symmetries of the
unit cell (and not of the molecule!) are studied. Thus the usefulness and the advantage
of the line group formalism is obvious: starting from the quantum-mechanical
description of the motif, there is a valuable tool to examine the electron (or spin-)
density functions in the condensed matter. Such a Q1D subsystems have been
examined in detail in some well-known superconductors [7]. Besides, there are some
interesting results, which also show that the modulation of the crystal structure could
be very interesting in the examination of the High Temperature Superconductivity
Phenomena [8]. In this paper we show, that the line group formalism is very
appropriate for the description of the modulation. The new thermodynamical methods
[9] would also give valuable contributions in these investigations.
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1. SUBGROUP STRUCTURE AND IRREDUCIBLE REPRESENTATIONS OF
LINE GROUPS

1.1. Subgroup structure

Recognizing the line groups being the subgroups of the Euclidean group, the
use of the usual Koster symbol for the general line group element [3] is convenient:

L _ (R [ v+t); v _ [0,1), t _ Z (1)

The line group elements in their orthogonal part possess the elements Ri, which
constitute the isogonal point group _P,[ _P[ =Np. _Pis always an axial point group
when one deals with line groups. There are two types of point and line groups.
Namely, if the point group _.Pcontains an element R', which reverses the direction of
the main axis, then it will be denoted as _P, which has the following subgroup
structure:

P-=p+ +R-P + (2)

i.e. __P+is an index-twoinvariant subgroupin _P'.Similarly, all the line groups are L.
or L type, depending on the type of isogonalpoint group. The list of all line groups
is completed by use of the concept of the generalized semi-direct product of the line
groups [3].

1.2. Irreducible representations

In the short description of the irreducible representations we use the technique
and notation presented in [4-5]. The general formula for the irreducible representation
of the L+ type line group element can be written as:

_D,.(R I v +t) =O,.(R)exp[ik(v +t)a] (3)

i.e. it is built up from the irreducible representations of P and _T. The irreducible
representations of P and _Tare labelled by indices m and k, respectively (k¢(-rt/a,
n/a]). With the matrices _D,,(_L+),the irreducible representations of _L can be
obtained by induction technique [4],[12].

2. SOME APPLICATIONS OF LINE GROUP FORMALISM IN CONDENSED
MATTER PHYSICS

There are some remarkable results, which show the power and the usefulness
of the line group formalism. It is well-known in the mathematicalcrystallography,
that the non-symmorphic space groups of 3D crystals are not factorized yet in the
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sense of the product of its subgroups [10]. The algorithms developed in the
elaboration of the abstract line group theory would be also useful in the solving of
this important crystallographic problem [11].

With the addition of the time-reversal symmetry to geometrical symmetry
transformations of the line group, the magnetic line groups tabulated in [6] can be
obtained. This result is completely analogous to the derivation of Heesch-Shubnikov
point-, and space-groups (see for example in [12]). The irreducible representations
of the magnetic line groups have also been derived and tabulated already and
completely can be found in [13-14].

A general discussion of the normal modes of QID systems as well as the
complete classification of the orbits of the line groups is given in [15]. There is
another important result in the same paper: the classical Jahn-Teller theorem is
generalized to the case of systems, whose symmetry groups are line groups.

The line group formalism was introduced in the structural investigation of
modulated crystals in our earlier paper [16]. It was shown, in the Landau power
expansion of thermodynamic potential (for description of the phase transitions, in
which modulated structures could appear), that the terms concerning translational
invariance are exactly line group invariants.

This thermodynamical analysis gave us the following geometrical result: let
the function p(g) be the electron (or spin-) density function with the ordinary space-
group symmetry, and let f(r-') be the modulationfunction in one particular direction

only. The function f(r-') must be invariant under the symmetry transformations of the
supersymmetry - which is a particular line group. Thus, to describe the scattering
experiments and to obtain the adequate structure factors of the modulated structures
we have the formula:

F,,_t (S) = 5r {f(r-') • p(r-') } = o-qr {f(r-")} .F(S) , (4)

where the sign * denotes the convolution operation, instead of the usual expression
F ( S ) = 9" ( p (F) } applied for ordinary structures. It is convenientand customary
[2] to use cylindrical coordinates in this calculationof the modulatedstructure factor.
In the fully developed form, formula (4) can be written as:

Ft (R,_,lc ") = _._ fj J_(2rtrjR) exp [i(n(_t+__)-nqtj.2nl_c) ] (5)I n

This description de facto implies the following factorization of the symmetry group
G___sof the modulated crystals:

G__s= GoGM( or G_G_s= GMoG) (6)

In thisformulaG meansthe spacegroupaccordingto Sch6nfliess,whileG__denotes
symmetrygroup,whichdescribesthe modulationof thestructure.__GMcouldbe a line
group, but the natureof the producto is notclear yet (i.e. whenit is a weak-direct,
a semi-director a directproduct[6]of the subgroups,whichconstitutethe fullgroup)
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and it requires further group-theoreticalinvestigationsconcerning the general problem
of the orthogonal invariance in the modulatedsystems. This investigation in progress
gives the result will be applied in the examination of structural phase transitions in
liquid crystals, as well as in the complete classification of them. Moreover, this
approach would be very useful in the investigation of the crucial properties of the
heavy-fermion superconductor UPt3, because some interesting results [17] show
clearly the possibility of influence of incommensurate modulation of the crystal
structure on the superconductivityin such a systems.

The suitability of the presented formalism can be accepted for the structural
investigation of High Temperature Superconductors (HTSC), too. There are many
experimental results, which show, that some of the HTSC materials also have
modulated structures [18-20]. The techniqueproposed in [16] would provide crucial
results in the symmetry analysisof the structuresof these superconductors.Moreover,
the advantage of the line group technique is obvious in the investigation of the
structural phase transitions in HTSC-s. For such investigations we also have fully
elaborated techniques based on the line group theory. The polar-vector and axial-
vector representations of line groups are also well-known and presented in [21].
Connecting the line group formalism with Ascher's epikernel technique [22],
Damnjanovi6 showed, [23-24], that the reduction of symmetry during the continuous
phase transition of some 3D crystals can be studied equally well using line groups.
Recently, this method has been developed for thephase transitions without translation
lost, i.e. for the equitranslationalphase transitions only. The extension to the general
case is also possible [11]. As it is well-known [22], the phase transitions with k=0
can be described as equitranslationalphase transitions i.e. one should deal with the
irreducible representations of point groups only:

DIn(R)--kD.(R I v+t) (7)

The procedure is the following: let L__obe one line group and let _Lt be one of its
equitranslational epikernels concerning irreducible representation fl)m(L__0).Then, if
P_is the isogonal point group of Lz, then it is also an epikernel of P-P-o,corresponding
to the representation Din(P_0).In this case an epikernel P_ of P--obelongs to each
equitranslational epikernel L_ of L__o,and P_ is the isogonal point group of L1.
Obviously, the described line group-epikernel formalism (LEF) is a very suited
technique for description of the tetragonal-orthorhombicstructural phase transition in
YBa2Cu3Oz..,.Using some results of the phenomenologicaldescription of this phase
transition based on Landau's theory [25] and on group-subgroup technique [26], we
have enough informationfor application of theLEF. Namely, it is shown in [25], that
the primary order parameter for this transition is the quantity 1"1=nb-n,, i.e. the
difference between oxygen atom rate along b and a axes, respectively. It is pointed
out in both [25] and [26], that the above mentioned phase transition is exactly
equitranslational. Thus, the order parameter TialSOcould be treated by LEF and this
method would provide a valuablenew method to describe the oxygen atom ordering,
which is believed to be crucial in the examination of the High Temperature
Superconductivity mechanism. Namely, the irreducible representation relevant for
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this phase transition denoted by BI_in [25] can be identifiedas BI. in the tables given
in [24]. At first, we give in Table 1. the adequate space- (G__)and point groups (E)
(i=0 and 1 for the high- and low-symmetryphase, respectively).

Table 1.° Space and point groups of high (tetragonal) and low temperature
(orthorombic) phase

Space Group Point Group

P4/mmm 4/mmm

High Temperature Phase (G__o,P_P_o) (_lt,) (D4h)

Pmmm mmm
Low Temperature Phase (G_,P_)

%-h) (_2h)

"TheSch6nfliess symbols are given in brackets.

The symmetry analysis based on the above mentionedepikernel-technique gives the
results, presented in Table 2. Thus, we have two line groups as the possible equi-
translational epikernels and also two strictly determined supersymmetries for
description of the ordering of oxygen atoms. Then, formula (5) gives also possibility
to calculate the intensity spectra in the diffuse X-ray scattering and for the direct
comparison of such a results with the already existing profiles (see for example the
adequate references in [20]). The new results concerning the general problem of the
scattering processes from a real superlattices [27], as well as the suited available
experimental data [28-30] provide possibilities for doing such a calculations.
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Table 2. The maximal Q1D subsystems in Yna2Cu307_ x and the adequate
equitranslational epikernels in the low temperature phase according to B_+:

Line Groups

High Temperature Phase

Line groups as maximal subgroups L(4)/mmm L(4)/mcc L(4)2/mcc

Low Temperature Phase

The equitranslational epikernels L(4)/2m L(4)/2c L(4)/2c

CONCLUSIONS

The line group formalism provides a very effective tool in the symmetry
analysis of different QID (sub-)systemsin the condensedmatter. Due to their obvious
suitness, the line group techniques could penetrate into many recently developing
areas, which are exactly in the front of the condensed matter physics and it could
provide some valuable new results. The superconductivity is expected to be an
especially fruitful topic.
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Macroscopicand Bulk - Controlled
ElasticModes in

an Interaction of Interstitial Alcali Metal
Cationswithin

a Face-CenteredCubic Crystalline
FuUerine

Valentine A. Tatarenko, Constantin L. Tsysman,
Yelena T. Oltarzhevskaya

Department of Solid State Theory (06) at the Institute for Metal Physics;
36 Academician Vernadsky Blvd, Kiev-142, 252180 Ukraine

Tel.:(+7) 044 4440530
Fax.:(+7) 044 4442561

The calculations in a majority of previous works for the fulleride
(AqC60) crystals were performed within the framework of the rigid-
lattice model, neglecting the distoration relaxation of the host
fullerene (C6o) crystal caused by the interstitial alkali-metal (A)
cations. However, an each cation is a source of a static distoration
field, and the resulting field is a superposition of such fields
generated by all cations. This is a reason why the host-crystal
distortions depend on the A-cations configurations, i.e. on a type of a
spatial bulk distribution of interstitial cations.

The given paper seeks to find a functional relation between the
amplitudes of the doping-induced structure-distortion waves and of
statistic concentration ones. A semiphenomenological model is
constructed here within the scope of statistical-thermodynamic
treatment and using the lattice-statistics simulation method(*). In this
model the effects due to the presence of q solute A cations over
available interstices ( per unit cell ) on the statistic inherent
reorientation and/or displacements of the solvent molecules from the
"average-lattice" sites" as well as on the lattice parameter a of the
elastically-anysotropic "cubic" C6o crystal are taken into account.

The ( indirect ) "strain-induced" interaction between the interstitial
A cations "by means of the host crystal ", as any dipole--dipole-like
interaction, is highly directionally anisotropic and long-range. That is
why the ( macroscopic ) total volume-dependent energy of the
single-crystalline fulleride AqC60 becomes a functional of boundary
conditions, i.e. a shape and a spatial-orientations variants of a
product phase, and that modifies the Gibbs statistical
thermodynamics of the martensitic-like constant-composition
transformation of the C60 lattice upon a further doping by A atoms
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from the pristine FCC structure to the BCT one within experimentally
determined phases manifesting themselves in different properties for
doing a conductivity. With an aid of a proposed interstitialcy model it
may be possible to overcome such an obstacle in the analytic
thermodynamycal treatment of data from the electron-diffraction and
TEM studies of abnormalities associated with A-cationic
redistribution's in the FCC-fullerene-derived Ag C6o phase. Although
such a phase is expected to be insulating at low doping levels (q< <3
), it is clear that an understanding the origin of this crystalline
structure and its interplay with A-doped fullerides based on the BCT
fullerene ( or on the SC one) will have important consequences for an
ongoing process of an unveiling the bulk high-Tc-superconductivity
origin as well as the pair-formation mechanism, which are dependent
on a spatial arrangement of A cations.

As a result of numerical analysis of the nonanalytic wave-vector
dependence of the Fourier components _A(k) of spatial-dispersion
energies of the bulk-controlled "strain-induced" interaction between
the A cation within the scope of the quasi-harmonic approximation of
the C60-crystal natural vibrations, the absolute minimum value of
these quantities exists at the singular central point I-(k=O) of the
FCC-C60-crystal first Brillouin zone and is equal to the (negative)
total energy EAA(0) of the "strain-induced" interaction ("attraction")
between one chosen octahedral a cation and the rest of them within
the intercalation crystalline compound AqC60, if the intrinsic elastic
moduli (in the Voigt designations) of the "pure" C60 crystal are Cl1=
22.7, C12= 9.8, C44= 12.3 (in GPa) (**), and its lattice parameter is
a0=a(q=0)= 14.04 A. _igure 1 shows the predicted arrangement of
dispersion curves for EAA(k) (in units of the square of concentration
coefficient of the linear FCC-C60-1attice dilatation due to dissolving A
atoms, L2) in high-symmetry directions in the Brillouin zone.

Besides, for example, the values of the A-A "pairwise" "strain-
induced" interaction energies E1,E2,...,E6 for the 1st, 2nd, ...6th
octahedral-interstitial coordination spheres in the real space
respectively are in the -28.3:8.0:-8.6:-1.3:5.6:2.3 ratio, i.e. such a
"strain-induced" interaction energy has a substantially
nonmonotonic("quasi-oscillating) dependence on an intercationic
distance (see Fig. 2).

The absolute thermodynamical instability of a homogeneous solid
solution of A cations in C60 crystal with respect to arbitrary
infinitesimal concentration fluctuations (heterogeneity's) as a
precursor effect associated with the possible spinodal-decoposition
reaction in the A cations subsystem may be considered in view of the
above-mentioned behavior of the characteristic function _A(k) in the
vicinity of reciprocal-lattice points r (i.e. the instability range in k-
space), when no the fully-screened electrostatic A-A intercationic
interaction exists. (According to Ref> (***), at the early stage of
spinodal decomposition, amplitudes of all concentration waves whose
wave vectors belong to the instability range about k=0 will increase
exponentially.)
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Thallium 2223 High Tc Superconductor in a silver matrix
and its magnetic shielding, hermal cycle and time aging
properties

X. Fei, W.S. He, A. Havenhill,Z.Q. Ying,Y. Xin, N. Alzayed,and K.K. Wong.
Midwest SuperconductivityInc.

Y. Guo, D. Reichle, and M. S. P. Lucas
Kansas State University

ABSTRACT

Superconducting Zl2Ba2Ca2CuaOto (T12223) was ground to powder. Mixture with silver
powder (0--80% weight) and press to desired shape. After proper annealing, one can get
good silver-content T12223 bulk superconductor. It is time-stable and has good
superconducting property as same as pure T12223. It also has better mechnical property and
far better thermal cycle property than pure T12223.

I. INTRODUCTION

From pratical view, one hope bulk superconductor has good superconducting property, good
machnical preperty, time-stable, and good thermal cycle property (one cycle means rapidly
temperature change 25°c --> liquid nitrogen --> 25°c).

Unfortunately, pure T12223 does not have all above mention properties. It has good
superconducting property and it is time stable. But, its mechnical preperty is not good. It
is not easy to form it. Its thermal cycle property is bad. After a few thermal cycle, it loses
transport superconductivity.

For pratical application, need to improve its mechnical property and thermal cycle
property.

T12223superconductor in silver matrix can give better mechnical property and far better
thermal cycle property than pure T12223 and still give good superconducting property.

We have made some high Tc superconducting shielding devices using this kind of material
two years ago. By thermal cycle test and time aging test, we can say T12223with 10%--80%
weight silver is good superconducting engineering material.

II. SAMPLEPREPARATION
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Synthesizing Tl2Ba2Ca2Cu3010raw superconducting material

T1203(>99%), BaO2or BaO (>95%), CAO(>99%), and CUO(>99%) with the molar ratio
of cations of 2:2:2:3 are mixed and ground in an agate mortar. Then the ground powder
is pelletized in a die with a hydraulic press at an applied pressure of about 7000kg/cm2. The
pellets are then placed in a tubular alumina crucible and covered with an alumina plug.
The crucible with contents is placed in a tube furnace; The power turned on and the
temperature of the furnace raised to about 895°c at an ascending rate of 20 degrees per
minute. The samples are heated at 895°e for 50 hours and then cooled within the furnace
at a descending rate of 1 degree per minute to 600°c. Finally the furnace is turned off and
the samples cooled to room temperature within the furnace. Oxygen is flowing in the
furnace during sintering.

Fabrication of Ag-content T12223 superconducting cylinder

The pellet of raw superconducting T12Ba2Ca2Cu3010 is then broken and pulverized to a
particle size of 1-5 microns. The ground powder is then mixed uniformly with silver powder
(99.9% purity, 0.7-1.3 microns particle size) with the weight percentages of Ag:0, 10, 20, 40,
60, 80, 100. The mixed powders are then pressed into cylinders which are then annealed
in a tube furnace. Oxygen is flowing in the furnace tube during the annealing . The
temperature of the furnace is raised from room temperature to 790-820°c at a rate of 0.5 -
1 degree per minute and then maintained at this temperature for 30 hours. The furnace

temperature is then reduced at a rate of 1-2 degrees per minute to 200°c, at which point the
cylinders are then removed from the furance.

About two years ago (May--July, 92), we made several T12223 cylinder with 10%, 20%,
40%, 60% weight silver. A few months later, we made cylinder with 0%, 80%, 100% silver
for comparison.

Sample dimensions and weights as following:

SAMPLE NUMBER #1 #2 #3 #4 #5 #6 #7

SILVER CONTENT (%) 0 10 20 40 60 80 100

INNER DIAMETER (ram) 14.7 10.0 10.0 10.0 10.0 10.0 !0.0

OUTER DIAMETER 24.5 25.0 25.0 25.0 25.0 23.0 25.0

(ram)

HEIGHT (ram) 68.0 30.0 25.0 22.0 20.0 25.0 26.0

WEIGI-1T(g) 112 60 60 59 60 79 79
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III. TEST

We use Fig.1 measurement system to measure magnetic shieding attenuation of cylinder
samples.

Then all samples underwent thermal cycle. After every 20 cycles, measure shielding
attenuation again. As the first batch of test, total 61 thermal cycles were done.

Each thermal cycle is following: Rapidly immerse sample in liquid nitrogen for about 5
minutes, take out and put in open air. So, a lot of frost first and then water condense on
surface of sample. When sample reachs room temperature again and dry, immerse it in
liquid nitrogen again. As you see, the thermal cycle is very harsh test.

After all samples were in open air for more than one and a half year, all underwent
another 50 thermal cycles, then measure shielding attenuation again.

Then, another 50 cycles thermal cycles. Now, this test is continuing.

IV. RESULT AND DISCUSSION

All test results are shown in fig. 2 - 9. At beginning, all samples are good. Magnetic
shielding attenuations are 70-90 db at f=60 Hz.

After 20 thermal cycles,pure T12223(no Ag) sample lost its magnetic shieldingproperty.
All silver-content samples are still good.

The first batch of thermal cycle test is 60 cycles. All silver-content samples are still good
after 61 cycles

In fact, when superconductor is rapidly colding and warming, it rapidly expands and
contracts. For pure T12223,all grains are hard ceramic. So, contacts between grains are
hard"to hard. When expansion and contraction, hard to hard contact produces very high
stress and it causes many microcracks inside. After several thermal cycles, there are so
many microcracks inside that all transport paths are cut off. So, there is no screen current
and lost magnetic shielding property.

When add silver into pure superconductor, silver locats between superconducting grains.
So, many contacts between grains are soft. Less microcracksare produced during thermal
cycles. So, Ag-content superductor has good thermal cycleproperty.

According to above analysis,lowAg-content sampleproduces more microcracks than high
Ag-content sample during one thermal cycle. So, if we continue to do thermal cycle test
more and more, lowAg-content sample willloss its shieldingproperty more early than high
Ag-content sample. Test result proved it.

After all samples were in open air for 1 1/2years, we did thermal cycle test again. The
second batch of test is 50 thermal cycles. After 50 cycles,measure shielding attenuation
again. Test results are:
a. 10% Ag sample was dead, lost its shielding proporty.
b. Other high Ag-content samples with Ag-content more than 10% are still good.

The results agree with above analysis. The results also mean that Ag-content T12223
superconductor is time stable.
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V. INCREASE MAGNETIC SHIELDING EFFECT

The all Ag-eontent samples of the first batch are very short, they have lowlength diamenter

rate ( ldd see Fig. 10 ). d.

H=2Ld_innerdia. L
I_ Fig. 10. Sample's shape

D
All L/d are = 1 - 1.5

For more high magnetic shielding attenuation, need to increase critical current density
Jc of superconductor, L/d value and more thick of wall.

We have fabricated more longer cylinder:
10% Ag + 90% T12223,ID=9.7mm, OD=19.1mm, L=89mm;
20% Ag + 80% T12223,ID=9.8mm, OD=19.0mm, L=88mm.
The first one reached 132db attenuation;
The second one reached 126 db attenuation.
The effect of increasing length is shown in Fig. 11.
Inside field dependence of applied field is shown in Fig. 12.

VI. CONCLUSION

Ag-content T12223 is a good superconducting engineering material. It is time-stable and
good superconducting property as same as pure T12223. It has better mechnical property
and far better thermal cycle property than pure T12223.
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Fig.Z. Magneticfield attenuationas a function of frequencyfor Thallium 2223tube with 0% addedsilver.
The magneticfield was applied parallelto the tube axis. The graphs show measurementsmadeduring
the 1st,21st, 41st and 61st cyclesbetween roomtemper&tureand77.3 K.
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Fig.'5. Magneticfield attenuation as a function of frequencyfor Thallium2223tube with 10%added
silver by weight. The magnetic fieldwas applied parallelto the tube axis. The graphs show
measurementsmadeduring the 1st, 21st,41st and 61stcycles betweenroomtemperatureand77.3 K.
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Thallium 2223 + 20% Silver
1.0G appliedfield
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Fig. 4. Magnetic field attenuationas a function of frequencyfor Thallium2223 tube with 20% aaded
silver by weight. The magneticfield was applied parallelto the tube axis. The graphsshow

: measurementsmadeduring the 1st,21st, 41st and 61st cyclesbetweenroomtemperatureand ~- _ K
I
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Thallium 2223 + 40% Silver
1.0 G appliedfield
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Frequency

Fig. 5. Magnetic field attenuationas a function of frequencyfor Thallium2223 tube with 40%added
silver by weight. The magneticfield was applied parallel to the tube axis. The graphs show
measurementsmade during the 1st,21st,41st and 61st cyclesbetweenroomtemperatureand77.3 K
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Thallium 2223 + 60% Silver
1.0 G applied field
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Frequency

Fig. 6. Magneticfield attenuationas a functionof frequencyforThallium2223 tube with 60% added
silver by weight. The magneticfield was appliedparallel to thetube axis. The graphs show
measurementsmade during the 1st,21st, 41st and61st cyclesbetweenroomtemperatureand77.3 K.
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Thallium 2223 + 80% Silver
1.0 G applied field
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c
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0 sample #: 6
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300 outer dia: 23.0 m_,
3000 height: 25.0 mm

30000 weight: 79 g
Frequency

' Fig.7. Magneticfield attenuationas a functionof frequencyfor Thallium2223tube with80% added
silver by weight. The magneticfield was appliedparallel to thetube axis. The graphs show
measurementsmadeduring the 1st,21st,41st and 61st cycles betweenroomtemperatureand 77.3 K.
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Fig. 8.. Magneticlield attenuationas afunction of frequencyfor a pure silver tube. The magneticfield
was applied parallel to the tube axis. The graphs shows measurementsmadeat roomtemperature and
77.3 K.
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Fig. 9. Results of test after 1 1/2 year in open air,
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10% Ag sample is dead and others are OK
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The Role of Silver in the Processingand Properties of
Bi-2212

Th. Lang, B. Heeb, D. Buhl and L.J. Gauckler
Nichtmetallische Werkstoffe,ETHZ_'ch, Sonneggstrasse5, CH-8092Zarich

Abstract

The influenceof the silver contentandthe oxygenpartialpressureon the solidus temperature
andthe weight loss duringmelting of Bi2Sr2CalCU20x has been examinedby means of DTA
andTGA. By decreasingthe oxygen partialpressure the solidusis lowered(e.g. AT=59°Cby
decreasingpO2 from 1 armto 0.001 atm) and the weight loss is increased.The additionof sil-
vercauses two effects: (a) the solidusis furtherdecreased(e.g. 2wt%Ag lowerTsoudusby up
to 25°C, dependingon the oxygen partial pressure), (b) the weight loss during melting is
reduced.

Thick films (10-20 lain in thickness) with 0 and 5 wt% silver and bulk samples with 0 and
2.7 wt% silverwere melt processed in flowing oxygen on a silver substrate in the DTA, allow-
ing the observation of the melting process and a good temperature control. The critical current
densities are vigorously dependent on the maximumprocessing temperature. The highest Jcin
thick films (8000 AJcm2 at 77 K, 0 T) was reached by melting 7°C above the solidus tempera-
ture. The silver addition shows no significanteffect on the processing parameters or the super-
conducting properties.

The highest Je for bulk samples (1 mm in thickness) was obtained by partial melting at 900°C
or 880°C,depending on the silvercontent of the powder (0 or 2.7 wt%). The Jeof the samples
is slightly enhanced from 1800AJcm2 (at 77 K, 0 T) to 2000 A/cm 2by the silver addition.

To be able to reach at least 80%of the maximumcritical current density, the temperature has to
be controlled in a windowof 5°C for thick films and 17°Cfor bulk samples.

Introduction

Silver is of great importancefor the preparationof superconductingBi-Sr-Ca-Cu-oxide,
because of several advantageousproperties:(a) It was foundto be nonpoisonousto the super-
conductingpropertiesof Bi-2212 [1-3],(b)Silvershows ahigh oxygendiffusivity [2-5] so that
the oxygen uptakethrough a silversheath is possible, (c) Bi-2212 tapes meltprocessedon sil-
ver arehighly a/b textured[6-10], (d) Silver lowers the processingtemperaturesof Bi-2212
thick films [11], (e) its ductilityenablesthe productionof tapes andwires througha powder-in-
tube process[12], still providinga sufficientmechanicalstabilization.

These reasonsmake silver the preferredmaterialto surroundthe Bi-Sr-Ca-Cu-Ocompound,
especially when the samples are preparedby a processinvolvinga reactive liquidphase.Such
a processis the partialmeltingprocess,which was shown to be suitable to reach high critical
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current densities in Bi-2212 thick films [13-14] and bulk samples [15-16]. Therefore, it is
interesting to know how the silver Substrateor a silver addition influences the processing
parameters of such compounds.

The aim of this study was to evaluate the influenceof silver additions on the solidus tempera-
ture and the weight loss during melting of Bi-2212 and to examine the influence of the maxi-
mum processing temperature during the partial melting on the critical current density of thick
films and bulk samples.

Experimental

a. Powder preparation

Powders with the stoichiometry Bi2Sr2CalCU20x and Bi2.2Sr205Ca0 95Cu2Ox were prepared
by the standard calcination process. The appropriate amounts"ofBi203A, SrCO3B, CaCO3C
and CuO0 were mixed and calcined in MgO- or Ag-crucibles at 750°C, 800°C and 820°Cwith
intermediate grindings.Finally they were pressed into pellets, sintered for 150h at 850°C in air
and ground again. XRD measurements showedthe powders to be nearly single phase.

Mixtures of Bi-2212 with silver (0-15.4 wt%) were preparedby adding appropriate amountsof
Ag20 powderE, mixing for 3 h in a ball mill and decomposingthe silver oxide at 600°C. After
this treatment the silver was distributed homogeneouslyover the whole batch as metallicparti-
cles with diameters of a few _tm.

The melting behavior of Bi-2212 with silver additions up to 15.4 wt% was investigated by
means of differential-thermal-analysis(DTA)and thermal-gravimetry (TGA). 100 mg of Bi-
2212 powder with different Ag contents were heated in A]203 crucibleswith 5°/min to 1000°C
in threedifferent atmospheres:(a) oxygenF (PO2=l atm),(b) air(PO2=0.21atm), (c) nitrogenF
(PO2_0.001atm).

b. Sample preparation

Tlu'ckfilms

The thick films were prepared by drying a butanol suspension of Bi-2212 (cation-ratio
2.2:2.05:0.95:2)with 0 and5 wt%silver in silver forms. The partial melting of these samples
was carriedout in the DTA.

A. PCF, 99.9% purity
B. Solvay Barium Strontium GmbH,>99.9%

c. SolvayBariumStrontiumGmbH,>99.9%
D. Cerac Inc.,>99.8%

E. FlukaChemika,>99.0%
F. Pan Gas, technicalgrade
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The heat treatment consisted of the following steps:

• heating with l°/min to Tmax (868°C< Tmax < 897°C)
• cooling to 850°C with 5°/h
• cooling to room temperature with 5°/min

The whole heat treatment was done in flowing oxygen.

To adjust the oxygen content of the Bi-2212 and therefore the Tc, the films were post-annealed
in flowing nitrogen (pO2=0.001atm) at temperatures below 600°C. The final thickness of the
filmswas 10-20I.tm,the diameter 11mm.

Bulk

Bulk samples with a diameter of 13mm and a final thicknessof 1mm wereprepared by press-
ing the Bi-2212 powder (cation ratio 2.2:2.05:0.95:2) with 0 and 2.7 wt% Ag uniaxially into
silver cups with a pressure of 150 MPa. This silver amount was chosen, because it was meas-
ured after processing a Bi-2212 pellet without Ag addition by the partial melting process on a
Ag substrate to be uptaken by the superconductorfrom the substrate.

The heat treatment for bulk samples differed from the one for thick films and consisted of the
following steps:

• heatingwith l°/minto Tmax(865°C -<Tmax-<918°C)

• holdingTmaxfor 2 h

• coolingto 850°Cwith40°/h

• annealingat 850°Cfor 12h

• coolingtoroomtemperaturewith5°/min

This part of the heat treatment was performed in the DTA. In order to reach an almost single
phase microstructure [17], the sampleswere post-annealedfor 72 h at 850°C.Both, the melting
and the annealing were done in flowing oxygen. To control the oxygen stoichiometry and
therefore the Te of the samples, the atmospherewas switchedto nitrogen (PO2_).001 atm) at
700°C during cooling to room temperature.

c. Characterization

The measurements of the critical current densities were performed in an AC magnetometer at
f----4-10Hz using the 1 _tV/cmcriterion. The samples were immersed in a bath of liquid nitro-
gen during the measurement. The current densities were calculated using the width of the
measured M(H) loops.
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Results and Discussion

a. DTA/TGAmeasurements

Figure1 shows the dependenceof the solidustemperatureTsolidusof Bi-2212 on the silvercon-
tent at three differentoxygen partial pressures. Besides the well known fact, that the melting is
shifted towards lower temperaturesfor decreasing oxygen partial pressures, the measurements
show a drop of the solidus with silver additions for all oxygen partial pressures. In oxygen as
well as in air, Tsolidus reaches a minimumat approximately2 wt% Ag addition. Silver contents
of more than 5 wt% lead to no further change. The maximum temperature drop due to the sil-
ver is reduced with decreasing oxygen partialpressures and comes to 25°C in oxygen, 20°C in
air and 10°Cin nitrogen.

O

870

86O
B

850

= 840
Fig. 1: Influence of silver addition

and oxygen partial pressure on
the solidus temperatureof Bi-

820 2212.Theinsetshowshowthe0 5 10 15
solidus temperatureswere

silvercontent,wt% determinedfrom theDTAdata.

During melting, Bi-2212 releases oxygen to the atmosphere, leading to a loss of weight.Figure
2 shows the TGA curves of Bi-2212 without any added silver at three different oxygen partial
pressures (1, 0.21 and 0.001 atm). A strong weight loss is observed as soon as the solidus tem-
perature is exceeded. It is obvious, that the Bi-2212 releases more oxygen in low oxygen con-
taining atmospheres.At PO2=0.001atm the weight loss comes to 1.5wt% of the initial mount
of powder, at pO2=1 atm it is about 1 wt%. The kink in the TGA measurement in oxygen,
which was observed in all measurements in this atmosphere with varying evidence, cannot be
explained ultimatively. It may be related to the formation and decomposition of a solid phase,
which is stable only at higher oxygen partial presssures (e.g. the 014x2_4.phase), during the per-
itectic melting.

The loss of oxygen during melting is found to be dependent on the silver content of the Bi-
2212 powder, as shown in figure 3, where the weight loss of the oxide in the temperature range
between the solidus temperature Tsondusand (Tsondus+100°C)is plotted as a function of the sil-
ver content. Here again the behavior in three different oxygen partial pressures is investigated.
Despite the scattering of the measurements,a trend towards lower weight losses with increas-
ing silver contents is visible. This effect being PO2-dependentis most pronounced in oxygen
(pO2=l atm) and least in nitrogen (pO2=0.001atm). Kanai et al [18] presume the Ag to be liq-
uid at the partial melting temperaturesin the presence of Bi-2212, and the liquid metal to acco-
modate released oxygen in the melt process. Taking into account that the oxygen solubility of
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liquid Ag is enhanced with increasing oxygen partialpressure, the results obtained in this work
confirm their assumption.

0.00 .... ; " 0.001arm
-0.25 1-5'"I"2" * • "• v • • v v• •
-0.50 _ 1.3

-0.75 _ ' __ 0.21aim_0 1.1 • . e. •

-100 0.9._ ._

-1.25 _ t)02=1 aUn .
i _

-1.50 0.7 • •
0.5 .....

800 850 900 950 1000 0 5 10 15
temperature,°(2 silvercontent,wt%

Fig.2: TGA curvesof Bi-2212without silver addi- Fig. 3: Weightloss of Bi-2212as a functionof the
tions showingthe weightloss duringmelting, silver contentand the oxygenpartial pres-
Thesolidustemperatm'es(determinedfromthe sure in the temperaturerange Tsolidusto
DTA data),are 834°C,880°Cand 893°Cfor (T,olidus+100°C).
the measurementat PO2=0.001atm, 0.21 arm
and 1arm,respectively.

b. Partial melting of Bi-2212 thick films

The maximum processing temperatureduringthe partial melting strongly influencesthe super-
conducting properties of Bi-2212. Figure 4 shows the dependence of the critical current den-
sity (at 77 K, 0 T; llxV/cm-cdterion) on the maximum temperature during the heat treatment
combined with a typicalDTA curveof a Bi-2212 thick filmon a silver substrate.The DTAdata
reveal a solidus temperature of 873°C, being significantlylower than the measured 886°C for
the powder in A1203crucibles. Therefore, the Ag substrate influences the melting behavior of
the Bi-2212 thick film considerably.

1.0

0.8 ,_

o" 0.6

0.4
.= Fig. 4: Influence of the maximum

0.2 processing temperature on the
critical current density of Bi-
2212thickfilms.

0.0 ................. The upper left curve shows the860 870 880 890 900 910 920
DTA peak of the melting of a

maximumprocessingtemperature,('(2 film.
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Thecriticalcurrentdensitiesof thethickfilms show a narrowmaximumat about880°C,corre-
spondingto 7°C above the solidustemperature.If Tmaxis chosenbelow or only a littleabove
the solidus (Tmax_<876°C), no or notenough liquidphase is producedto densify the sample.
By processingthe thick film at a temperatureexceeding the solidus more than 15°C, coarse
secondaryphases lead to a decreaseofje. Therefore,to reachhigh criticalcurrentdensitiesin
thick films the processingtemperaturehas to be controlledwithin5°C.

The Jeof thick films is verysensitiveon the heattreatmentor, more precisely,on the tempera-
turedifference between the meltingof the sample and the maximumprocessingtemperature.
Thus, it is not possible to declarea specificTmax to be the best to producehigh Jethick films,
becauseTsonausis influencedby manyparameters:the atmosphere,the substratematerial,dop-
ing elements,powder stoichiometryand so on. A thick film on a MgO substrateheattreated
with Tmax=880°C(the mostpromisingtemperatureto producethickfilms on silver)wouldnot
show high critical currentdensities, becausethe Tsondusof Bi-2212 on magnesia is about
886°C and,therefore,no liquidphasewouldappearto densify the material.In considerationof
these facts, it is morereasonabletoregardAT=Tmax-TsondusandnotTmax as crucialprocessing
parameter.

Figure5 shows the result of the same experimentas above but carried outwith 5 wt%silver
addedsamplesin comparisonwith the resultswithoutsilveraddition.The maximumJeof both,
silver free and silver added Bi-2212, is the same (8000 A/cm2 at 77 K, 0 T). However the
curveforthe silveradded samples is shifted slightly towardslower temperatures.The width of
the processingwindow promotinghighJeremains unchanged.

Since nomajordifferencein the jc(Tmax)behaviorof pureandAg addedBi-2212 thickfilms is
observed, we concludethat the film thicknessof 10-20 pan and the high diffusivity found for
silver in Bi-2212 [19] allow chemical interactionsbetween the superconductorand the sub-
strate.Thus, thereis no significantdifferencein the solidus temperatureof thick films whether
the silveris presentas suhstrateor addedto the powder.

1.0

0.8 .!i ,

o" 0.6

.._o
0.4

Fig. 5: Dependenceof Jcon themaxi-
0.2 mum process temperature of

thick filmswith 0 and5 wt%sil-
0.0 ver. The maximumJc for both

860 870 880 890 900 910 920 samplesis 8000A/cm2 (77 K,
maximumprocessingtemperature,°C 0_ ll_V/cm-criterion)

c. Partial melting of bulk samples

A typicalDTA curveandthe criticalcurrentdensitiesin dependenceof the maximum temper-
atureTmax of the pureBi-2212 bulk samples axeplottedin figure6. The DTAcurveshows two

758



major peaks (markedas 1 and 2). The low temperaturepeak (1) is attributedto the melting of
the Bi-2212 at the interface with the silver.Peak 2 represents the meltingof the rest of the sam-
ple, which is not in contact with the silversubstrate. It agrees well with the Tsotidus of Bi-2212
in A1203crucibles.

As shown before for Bi-2212 thick films, the critical current densities depend on Tmax,having
a maximum of 1800 A/cm2 (at77 K, 0 T) at 900°C. This temperature exceeds the solidus tem-
perature of the pellet (marked as Ts in figure 6) by 12°C.The temperature window to produce
bulk sampleswith a high Jc is markedly broader than for thick films.

The melting behavior of the bulk sample clearly shows, that it can be considered to be com-
posed of a silver influencedregion close to the substrate and the bulk, which is not affectedby
the silver substrate.To achive high critical current densities, the optimum processing tempera-
ture has to be adjusted to the meltingof the bulk. Since the Ag substrate does not influence this
part of the sample, the temperature lays as high as 900°C. Lowering Tmaxin order to adjust it
to the melting of the interface is detrirnentalfor the densitication of the sample. The amount of
liquid is insufficient leading to a porousmicrostrucmrewith lowJc.However, the high process-
ing temperature is unvavorable for the microstructure and properties of the Ag affected inter-
face (c.f. figure 4). The interface is overheated, contains a high amount of secondary phases
and does not contribute distinctively to the current density of the whole sample. This is partic-
ularly undesirable because the interface is the most textured part of the sample [16] with a
good current carrying potential.

_,_---.Ts
1.0

0.8
._.

-_.'_0.6 _ Fig. 6: Influence of the maximum
._ . processing temperatureon the

0.4 _ critical current density of Bi-
.= 2212 bulk samples in silver

0.2 crucibles.
The second curve is a typical

0.0 DTA measurement of such a
860 870 880 890 900 910 920 sample, where two distinct

maximumprocessingtemperature,°I2 peakscanbe seen.Theirorigin
isexplained inthetext.

The overheating of the interface shouldbe avoidedusing silverdoped Bi-2212 powder.In this
case the interface of the pellet being in contact with the silver substrate does not melt at lower
temperatures than the rest of the sample. The DTA curve of a pellet with 2.7 wt% Ag shows
only one peak with an onset temperature of 864°C,confirming the homogenous melting of the
entire sample. Figure 7 compares the results of theJe measurements of the Ag-added and the
Ag-free samples as a function of the processing temperature.The Ag addition shifts the dome
significantly towards lower temperatures (AT=10-15°C)and enhances the maximum current
density from 1800 A/cm2 without silver to 2000 A/cm2 in the silver containing samples. The
optimum processing temperaturefor Ag added bulk (880°C)lays in the range of the tempera-
rares leading to high critical current densities of thick films. Therefore, it is adjusted to the
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melting of the bulk and the interface leading to excellent phase purity of the entire sample and
an enhancedJc (77 K).

Fig.7: DependenceofJc(77K,0 3")on
0.8 the maximum processing temper-

ature of bulk samples with 0 or
o"0.6 2.7wt%Ag.Themaximumcriti-

•"-' cal current densitiesare1800A/
•_ cm2 for the silber free and 2000

0.4 A/cm2 for the silver added sam-
pies.

0.2 The points in bracketsresult from
samples, which lost some of the

0.0 liquid phase during the melt
860 870 880 890 900 910 920 processing through the silver sub-

maximumprocessingtemperature,°C strate.

To explain the enhancementofje (77K) dueto the Ag addition, we can make a simple calcula-
tion with the following assumptions:The Ag/Bi-2212 interface is regarded as well-textured
thick film with a thickness of 20 I.tmand Jc of 104A/cm2 for Tmax=880°Cand of 1800 A/cm2
for Tmax=900°C.The thicknessof the bulk should be 980 lain,its Jc 1800A/cm 2.It is now pos-
sible to compare the critical current density of a sample with an overheated interface
(Tmax=900°C)and a sample with a good interface (Tmax=880°C).It results, that by keeping the
processing temperature low enough to reach an interface free of secondaryphases and there-
fore high local Jc, the Jcof the entire sample can be enhanced by about 10%.This indeed is the
increase measured in this work by adding silver to the Bi-2212 powder and by processing at
lower temperatures.

Summary
The melting behavior of Bi-2212 with silveradditionsup to 15.4 wt% in different oxygen par-
tial pressures was inverstigated by means of DTAand TGA. Theresults show, that the addition
of 2 wt% Ag lowers the solidus of Bi-2212 by up to 25°C, depending on the atmosphere. Sil-
ver contents exceeding 5 wt% cause no further change of Tsolidus. The weight loss during melt-
ing, which is related to a oxygen loss of the compound, is decreased by melting in high oxygen
partial pressures and by adding silver.

Thick films (d=10-20 _tm)and bulk samples (d=l mm) with and without silver additions were
melt processed on silver substrates in the DTA. In thick films, the highest Jc was reached by
melting 7°C above the solidus temperature of the film (Tsolidus=873°C).The critical current
density depends strongly on the maximum process tempearture, which has to be controlled
within a window of about 5°C. An addition of 5 wt% Ag to the thick film lowers the process
temperatures slightly (2°C) and does not enhanceJe. The physical properties of the thick films
are mainly influenced by the silver substrate and, therefore, additional silver has hardly any
further effects.
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Bulk samples show a broader dependenceofjc on the maximum process temperature than the
thick films.Temperaturevariations of+7°C still lead to a high Jc(>80%ofjc,max).The addition
of 2.7 wt% silver leads to significantlylower processing temperaturesand an enhancement of
the critical current density.The enhancement is attributed to the improved microstructure of
the Ag/Bi-2212 interface.
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ABSTRACT

Effect of Niobium substitution at the copper site in

YBa Cu O was studied in thin film form. The films were2 3 ?-×
deposited by laser ablation technique using the targets of the

YBa2Cu3_×NbO where x = 0.0, 0.025, 0.05, 0.I, 0.2, 0.4, 0.8 andx y
1.0 under identical deposition conditions on SrTiO <I00>

substrates. Films were characterized by XRD, resistivity, I-V and

J measurements. Films made from x = 0.025 and 0.05c
concentrations of Nb substituted targets showed relatively

improved superconducting properties compared to that of undoped

films. The best J realized for x = 0.025 Nb concentration wasc
1.8 x 106 A/cmz and for 0.05 Nb concentration it was 3.2x106 A/cm2

at 77K. However, degradation of the superconducting properties,

with the increase of x > 0.1 Nb concentration and drastic

suppression and complete loss of superconductivity was noticed for

x >_0.4. The growth of impurity phase YBa2NbO 6 for x = 0.1 and
above of Nb concentration was noticed from XRD patterns. However,

the site occupancy of Nb could not be confirmed from these

studies.
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INTRODUCTION

Recent research trends in high temperature

superconductivity (HTSC ) have aimed at the improvement of

superconducting properties by substitution or addition of other

elements. However, substitution at Cu sites of HTSC compound has

resulted in drastic degradation of superconducting properties

[1-3]. The superconducting properties of YBa2Cu3OT_x(YBcO) have
revealed that the Cu-O plane and chain assembly is primarily

responsible for the superconductivity and the main contribution to

the density of states at the fermi level comes from the copper 3d

and the oxygen 2p hybridization states. Hence, many researchers

thought that the substitution for Cu by transition metals should

produce substantial changes in the superconducting properties.

The substitution of Nb in bulk has shown [4,5 ] that Nb

substitution has not made any substantial improvement in the

superconducting properties of YBCO, however it has shown

improvement in mechanical properties. Moreover, substitution of

Nb and Ta at Cul site in YBCO system has been confirmed by neutron

diffraction analysis [I0]. In the present study we report the

superconducting properties of Nb substituted (YBa2Cu3_xNbO )x y
thin films.

EXPERIMENTAL

The targets for pulsed laser deposition (PLD) were

prepared in the nominal stoichiometric compositions YBa2CUs_xNb Ox y
where x = 0.0, 0.025, 0.05, 0.I0, 0.2, 0.4, 0.8 and 1 using high

pure chemicals. Thin films were made from the above targets using

a Lambda Physik 301:KrF 248 nm exoimer laser and a 300nm focal

length quartz lens for beam focusing with a pulse width of 25 ns

and a I-I0 Hz variable frequency. The target to substrate

distance was maintained constant at 4.5cm, at a substrate

temperature of 700°C and in an oxygen partial pressure of 200

mTorr. Thin films of 2000 A thickness of the above mentioned

targets were deposited on SrTiO3 <I00> substrate under identical
deposition conditions for comparison. Films were characterized by
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XRD, SEM, four probe electrical resistivity and I-V

characteristics and critical current density J measurements were
c

done on 20um and Imm long microbridges.

RESULTS AND DISCUSSIONS

The XRD patterns have shown c-axis oriented films

(fig.l) and with the increase of Nb concentration growth of a

secondary phase YBa NbO [6]has been identified. The transition2 6
temperatures for x = 0.0, 0.025, 0.05 are around 89K, 89.2K and

89.6K respectively. The eriti6al current densities are 1.2 x 106

A/cm2 l.Sx 106 A/cm2 and 3.2x 106 A/cm 2 respectively. D.Kumar

et al [7] have reported that the nature of grain boundaries in

undoped and doped films can be studied using a model proposed by

De. Gennes[8] and Clarke[9]. As per this model, the slope of the

_-J vs T -T will give a measure of the grain boundary domainc c

thickness. When the slope is large, it indicates perfect

alignment of grains and hence reduction of weak links which

results in good quality film. From fig.2b, it is evident that the

slope of Nb substituted films for the concentrations 0.025 and

0.05 is larger compared with undoped YBCO film. Our scanning

electron micrographs have also resulted in featureless grain

structure which may be due to the perfect alignment of grains

during the growth process, however, particulates still exist

(fig.4). The possible explanation for the improvement of critical

current densities may be due to the fact that substitution of Nb

(for lower concentrations only) at Cul sites in the basal plane,

introduces extra oxygen at the vacant 05 which results in the

change of oxygen coordination of the Cul cation from planar to

octahedral coordination [II].

With the increase in Nb concentration for x _ 0.I

degradation and complete loss of superconductivity has been

observed (fig 2a). It is due to the stabilization of YBa2NbO 6
phase at higher concentrations. However, it has been realized

that substitution of Nb up to x = 0.05 for Cu will improve the

microstructural and superconducting properties of YBCO thin films

compared to undoped YBCO films deposited under identical

conditions.
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CONCLUSIONS

The effect of Nb substitution for Cu on the

superconducting properties of YBCO thin films has been

investigated. It is noticed that no significant change in the

orthorhombcity of the crystal structure or in T has been observedc
in YBCO thin films for Nb substitution up to x = 0.05

concentration, however, increase in J up to x = 0.05 of Nbc
concentration compared to that of undoped YBCO thin films has been

realized. Degradation of superconducting properties and complete

loss of superconductivity with the increase of Nb concentration

confirm that Nb substitution has not made any substantial

improvement on the superconducting properties even though it

exists in +5 valance state. It can not be concluded from this

study that whether Nb has substituted for Cu in YBCO lattice. A

more detailed study is needed.
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Figure 1.- X-Ray diffractionpattern of Nb substituted films.
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Figure 4.- Scanning electronmicrograph of 0.05 concentration of
Nb substitutedfilm.
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ABSTRACT

Microstructure of Yittria Stabilized Zirconia (YSZ) and

Strontium Titanate (STO) of radio frequency magnetron sputtered

buffer layers was studied at various sputtering conditions on

Si<]00>, Sapphire and LaAIO <100> substrates. The effect of
3

substrate temperatures upto 800 C and sputtering gas pressures in

the range of 50 mTorr, of growth conditions was studied. The

buffer layers of YSZ and STO showed a strong tendency for columnar

structure with variation growth conditions. The buffer layers of

YSZ and STO showed <h00> orientation. The tendency for columnar

growth was observed above 15 mTorr sputtering gas pressure and at

high substrate temparatures. Post annealing of these films in

oxygen atmosphere reduced the oxygen deficiency and strain

generated during growth of the films. Strong c-axis oriented

superconducting YBa Cu O (YBCO) thin films were obtained on2 9 ?-x
these buffer layers using pulsed laser ablation technque. YBCO

films deposited on multilayers of YSZ and STO were shown to have

better superconducting properties.
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INTRODUCTION

There have been many reports on the deposition of high

quality YBa Cu O (YBCO) thin films on Si and Sapphire2 3 7-×
substrates using buffer layers. It has been well established

that the use of buffer layer makes it possible to deposit thin

superconducting films on a variety of substrates which otherwise

are not suited because of the chemical reactivity with the

superconducting thin film [I-4]. The most desirable properties of

a buffer layer are a) to act as an effective barrier against inter

diffusion, b) to improve lattice match between supeconducting film

and substrate and c) to withstand for thermal cycling stresses.

Yittria Stabilized Zirconia (YSZ) which satisfies the above

criteria is widely used as buffer layer on Si and Sapphire. On

the otherhand, SrTiO 3 <I00> (STO) which has a good lattice match
with YBCO can also act as a buffer layer on the above mentioned

substrates.

H.Schmidth etal [5] have discussed the insitu growth of

YSZ thin films using RF magnetron sputtering technique. Sputtering

is a versatile technique for obtaining good quality epitaxial thin

films as well as large area depositions with good uniformity.

However, very few research reports are available on STO buffer

layers [6]. For better understanding on the growth conditions of

YSZ and STO buffer layers a detailed study about the preparatory

conditions for reproducible results is needed .

EXPERIMENTAL

A diode RF magnetron sputtering system (NORDICO 2000)

was used to grow buffer layers on Si<100> sapphire and LaAIO3<100>

substrates. The YSZ (10% Yittria) and STO sputtering targets

were of 99.9% pure (10cm dia obtained from Cerac. Inc., USA). Si

wafers were degreased followed by etching with 6:1 mixture of high

purity HF and deionised water for removing the native oxide layer
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on Si. Other substrates were cleaned by usual methods. Using

CT-8 Cryotorr cryopump(CTI) the chamber was pumped upto a base
-7

pressure of lx 10 Torr in all our experiments. A halogen lamp

was used to heat the substrates upto 800°C. Thickness of the

films was measured after deposition using surface profilometer

(stylus).

Films were deposited at room temperature(RT), 600°C,

700°C and 800°C. Studies also were made on buffer layers in

different sputtering gas environments (pure Ar, Ar + 02 mix gas
and pure oxygen). STO layers were deposited at 700°C and 750°C.

Films were characterized by XRD and SEM. A set of films were post

annealed at 800°C - 1000°C. YBCO thin films were deposited on

these buffer layers and growth conditions were optimized by using

pulsed laser deposition (PLD) techinque [7]. Microstructural

studies were done on the fractured Si<100> substrates.

RESULTSAND DISCUSSION

I. Optimum deposition conditions for YSZ buffer layers :

For obtaining reproducible results and high quality

oriented films, we have observed that irrespective of the nature

of substrate, 24 - 30 mWorr Ar +O gas mixture (in the ratio 9:1)2

and 800°C substrate temparature are the best conditions. We have

realized that it is difficult to produce <hoo> oriented thin films

of YSZ on Si substrates as reoxidization of Si surface is

unavoidable in sputtering technique. However, the films deposited

on Sapphire, LaA103 substrates yielded <hoo>oriented films. [Fig.
1,2, 3.]. A set of YSZ films deposited on various substrates are

post annealed and YBCO thin films have been deposited on these

substrates with optimized conditions. Post annealed films

resulted with good crystalline quality with single phase. YBCO

thin film deposited on polycrystalline buffer layer (deposited at

600 ° C and post annealed at 850 ° C) has yielded 80 -84 K and on

<hoo> oriented YSZ film has yielded 86 -88K reproducibly on

Sapphire substrate.
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2. SrTiO 3 buffer layers :

The optimum deposition conditions for STO buffer layers

on Si and Sapphire are 700° C and 15 -20 mTorr sputtering gas

pressure ( Ar+ 02 in 9:1 ratio ). However, we couldn't achieve
highly <hoo>oriented STO films on Sapphire or Si due to lattice

mismatch between STO and the substrates. Since, LaAIO 3 has good
lattice match with STO, we have deposited STO on LAO <I00>

substrate and have obtained highly <boo> oriented films using the

above sputtering conditions. This clearly indicates the

importance of lattice match for depositing <hoo> oriented films.

However, we could achieve oriented STO films on YSZ buffered

sapphire substrate which is due to the }attice match between YSZ

and SrTiO 3. YBCO thin films are deposited on these buffer layers
which have yielded reproducible T values in the range 85K-88K.c

3. Microstructure of Buffer layers.

It has been pointed out by R.Pinto [8] et al that in the

case of MgO films that coloumnr growth is a common phenomenon

above 15 mTorr sputtering gas pressure. Similar columnar growth

has been realized in the case of YSZ and STO buffer layers above

15m Torr sputtering gas pressure. Our scanning electron

micrographs (fig.4) have confirmed this observation on fractured

Si surfaces.

CONCLUSIONS

We have realized the effect of growth conditions on the

microstructural properties of YSZ and STO thin films on Si,

Sapphire and LaAIO3 substrates. We have optimized the growth
conditions of buffer layers for reproducible results. The

microstructural studies of YSZ and STO films on Si<100> substrate

have revealed a tendency for coloumnar growth above 15 mTorr. It

is noticed that even with polycrystalline YSZ buffer layers it is

possible to get highly c-axis oriented YBCO superconducting thin
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b)- XRD pattern of STOfilm on Sapphire substratedeposited at 700° C mTorr
sputtering gas pressure.

c)- XRD pattern of STO buffer layer on LaA103 substratedeposited at 700° C
and 20 mTorr sputteringgas pressure.

d)- XRD pattern of YSZ thin film on LA10 3 substratedeposited at 700° C
and 20 mTorr sputteringgas pressure.
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(a.)

(b.)

Figure 4.- Scanningelectron micrographswhich shows the columnar growth for
a) YSZ film on Si substratedeposited at 25 mTorr.
b) STO layer on SI substrate deposited at 20 mTorr.
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