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SUMMARY

For the first stage (1997-2000), we spent much times setting up the instruments. Equipped with
these instruments, in a second stage, we accomplish our goals. The first superconductor we would like
to mention is the magnesium diboride (MgB,). While the samples produced by other researchers had
been very brittle, like sand, our MgB,, synthesized under high-pressure conditions (a few GPa), was
very hard and dense. While others had difficulties, we could measure quite a number of the transport
properties. In addition, nobody in the world could produce MgB; thin films, which are essential for
superconducting electronic device application and for the study of basic superconducting properties.
We asked ourselves "why people in the world could not produce MgB, thin films? "Very soon, we had
the answer and could synthesize MgB; thin films. We immediately applied patterned (Korea, U.S.A.,
Germany, British, Japan) and published papers after papers (Science, PR.L, AP.L. and P.RB.).
These thin films will be used for the superconducting electronic devices. For example, this thin film
can be used for making Josephson Junctions, SQUID, micro-electronic interconnection, fault current
limiters and local superconducting magnet, and filters used for microwave communication. We also
produced MgB, single crystals for the first time in the world. We are the only group that has
synthesized three different forms (high-pressure bulks, thin films and single crystals) of MgB2.

The second superconductor we produced was an electron-doped cuprate Srg.xLniCuO, (Ln =
La, Gd, Sm) infinite layer superconductor. Despite their importance, these cuprate superconductors are
very difficult to synthesize, and the lack of single-phased compounds with high volume-fractions of
superconductivity hindered research efforts until our recent breakthrough. Using high-pressure (~ 4
GPa) and high-temperature (~ 1000 C) annealing conditions, we were able to routinely achieve
single-phase of these compounds. We are the only group in the world that can produce 100% of these

superconductors.

Finally, we produced various kinds of single crystals, such as Na doped CaCuOCl, T1-2212,
T1-2201, and RNi,B-C. Quality-wise, these are the worlds best, and only a few groups in the world

can even produce these compounds.

Because of our exceptional ability in measurements and phenomenological analysis, we will be

successful and will remain as one of the leading groups in superconductivity research.
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Research Goal for the second phase

Research Goal

Research Scope

First
Year
(2000)

-Synthesis of infinite layer superconductor.
-Synthesis of newly doped or Mercury based
superconductor in High pressure condition
and study their superconductivity

-Synthesis of the thin film form of mercury

based superconductors.

-Study of the mechanism or gap symmetry of]
the superconductor

-Synthesis of the Mercury based
superconductor

-Magnetic properties of the Mercury based
superconductor

-NMR, High Pressure Study, Specific Heat,

Second
Year
(2001)

-Synthesis of the of the MgB; in Bulk, single
crystal and thin film form

-Basic Properties of the MgB»

-Synthesis and study of the T1 based cuprate
superconductors

-Synthesis and study of the infinite layer

superconductor

- Transport of MgB, single crystals

-Study of the Hall effect in mixed state
-Transport study of the MgB, thin film
-Growth of the MgB; thin film

-Magnetic Properties of the MgB»
-Transport properties of T1 based Cuprate
superconductor

-Magnetic properties of the Tl based cuprate
superconductor

-Study of the infinite layer superconductors




-Transport of the MgB; single crystal (

-Improve the quality of MgB; thin film and
P quatity gb2 Anisotropic G-L theory)

single crystal ] i
- Microwave properties and Josephson effect

of MgB; thin film.
-Hall effect and transport in a high magnetic

-Study of the application of MgB»
Third |-Study of the gap symmetry and magnetic

Year |impurity in electron doped superconductors .
. ] field condition
(2002) |-Synthesize and improvement of the i o
, -Study of the quantum impurity in MgB; and
Thallium based superconductors. ) )
. . _|infinite layer superconductor
-Synthesize the new superconductor in high o ) )
o -Vortex dynamics in thallium based high
pressure condition
temperature superconductors
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I. Accomplishments

1. Research objectives and evaluation criteria

A. Proposed objectives

Our research goal is to synthesize new superconductors and to understand their
superconductivity. The competition in synthesizing new superconducting materials is fierce.
Therefore, new methods should be used to succeed in synthesizing high temperature superconductors.
So far, most of the people in the world use the conventional solid-state reaction technique. With this
method superconductors can be produced by an appropriate heat treatment. However, the number of
materials which can be synthesized by this technique is very limited. In order to increase the
possibility of success in synthesizing new materials, another degree of freedom is very important and
1t 1S a pressure.

We have successfully set up a high-pressure furnace which can pressurize samples up to 0.2
million atmospheric pressure during heating treatment. There are only few institutes i the world,
which have the high pressure system and can use this technique to make superconducting materials.
But the temperature of other people's synthesis is not as much as stable or uniform as our system 1s.
The temperature stability and uniformity of our high-pressure furnace is less than 2 degree. The
freedom of applying pressure is essential to make single-phase superconducting matenals. So far we
have produced world best-quality superconducting materials under high pressure and highly stabilized

temperature condition.

In the second stage, we proposed to synthesize three different superconducting materials and to
study physical properties of these materials. These were magnesium diboride (MgB:) superconductor,
infinite layer superconductor and thallium (T1)-based superconducting single crystals. We believe that

the qualities of these samples are the world best.
In 2001, we have published our research results about the synthesis of MgB, superconducting
thin film in Science. This great news was broadcasted in the TV networks and reported in most

newspapers.

In 2002, we were invited to give a 36 minute-talk at American Physical Society (APS) Meeting.

This is a first invitation of APS for the Korean experimental work performed in Korea i the
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history of Korean Physical Society. The APS appreciated the PSC (Pohang Superconductivity Center)
in synthesizing MgB; thin films and single crystals of for the first time in the world.

Japanese scientists first reported on January, 2001 that magnesium diboride had
superconductivity with a relatively high transition temperature (Tc) of 39 K. This report has generated
a flurry of activity in MgB, since then. Studies are now aimed at establishing the mechanism, teasing
out possible routes for boosting the Tc and developing more practical preparation techniques. For the
application, we need this material in a form of thin film. Fortunately we were able to synthesize MgB,
thin films for the first time in the world. The PSC team has reported that our thin films exhibit a sharp
Tc of 39 K and can sustain large current densities. This current is record high as far as the
superconducting critical current density is concerned. But lots of details in this material still remain to
be studied. For example, surface morphology, improvement of the critical current densities,
investigation of fundamental mechanism of superconductivity are important research topics we would

study in a near future.

In the second stage, we had ambitious plans to do research of new MgB; materials as well as
other superconductors. We proposed the following research topics in the second stage. Since we

became one of the leading groups in this area, we have tried very hard to keep this position.

- Transport study of MgB,; single crystals

- Study of the Hall effect in mixed state of MgB»

- Growth of the MgB; thin film

- Transport study of the MgB; thin film

- Magnetic Properties of the MgB,

- Transport properties of Tl-based cuprate superconductor

- Magnetic properties of the Tl-based cuprate superconductor

- Study of the infinite layer superconductors

Study of MgB,

We have been able to produce world-best quality MgB, thin films and single crystals. We are
also an expert in measuring and in analyzing the basic superconducting properties of this new
material. Since we could monopolize the high quality MgB, samples, we have an advantage to obtain
information on this material in advance. In the second stage, we have measured most of the basic
physical properties such as magnetization, transport, Raman and infrared spectroscopy, Hall effect in

mixed state, gap measurement, microwave properties, and so on.

Proposed Research : The high superconducting transition temperature of 39 K with conventional

11



electron phonon interaction was quite unexpected in this superconductor. So Simple MaMillan and the
Allem-Dynes treatments of the BCS theory may or may not be able to describe the Tc value. Also
most of the physical properties of MgB, could be quite different from conventional superconductors.

So we proposed experiments mentioned below.

- Transport of MgB, single crystal : We predicted a large fluctuation effect and related
phenomena similar to the high temperature superconductors. The existence of the vortex liquid state

and fluctuation conductivity were observed in this material .

- Study of the Hall effect in mixed state of MgB, : The Hall effect was found to be totally
different from the conventional superconductor or the cuprate superconductors. This material became

an ideal system to study the Hall effect in a vortex state including anomalous Hall effect.

- Growth of MgB, thin film : We have continuously improved the quality of the MgB thin films.
Since the first synthesis of the MgB; thin film at PSC at last year, nobody in the world has produced
the MgB, thin film as good as ours. Still we are the world best. Using this film, we have collaborated

with about 30 famous groups in the world.

- Transport study of MgB; thin film : We measured the transport properties of the MgB, thin film
and found out that anisotropic Ginzburg-Landau theory can be satisfied only at a certain range of
temperature. In this work, we investigated the origin of enormously large pinning strength and critical

current density in this MgB, thin film.

- Magnetic Properties of MgB; : The low thermal conductivity and the high Debye temperature made
this superconductor unstable against the magnetic field penetration. So the beautiful phenomenon

called a dendritic growth of the magnetic fluxes was discovered.

Study of infinite layer superconductors

The study of the high Tc superconductors was concentrated in the hole-doped case and T prime
n-type case, because the synthesis of the ideal electron-doped superconductor Lag ¢Sro1CuO; was too
difficult to make. However, we overcame this difficulty. For last several years, we have tried to make
this superconductor in various conditions and finally succeeded in producing high quality samples.
The superconducting volume fraction of our sample is almost 100 %, which is several times higher
than those of other frontier research teams' in the world. We are the only one who knows every
detailed secretes of the synthesis condition. Moreover the quantity of the superconductors produced in

one run is around 200 mg, which is about five times more than that of other advanced countries.

12



We have performed magnetic and non-magnetic doping effect on the juperconductivity in this
electront-doped superconductor. We have found that the superconductiVity of this material is very
much different from the case of hole-doped superconductors. We proposed the study of the gap
symmetry of the superconductivity, impurity effect on the superconductors. These are the key

experiments to understand the basic mechanism of high temperature superconductivity.

Proposed Research of electron-doped superconductors

Proposed Assumption : Superconductivity of electron-doped cuprate could be quite different from
that of the hole-doped superconductors. There is no electron-hole symmetry for the cuprate
superconductor. We predicted that the gap symmetry may not be same as d-wave. It turned out to be

right .

The pair breaking effect of non-magnetic and magnetic impurity on the superconductors followed
the conventional superconducting behavior that is totally different from the hole- doped high

temperature superconductors.

Study of Tl-based superconductor

Despite the extensive study over the preceding decade, a fundamental understanding of the high
temperature superconductivity still remains as a challenge for the physicists. Many peculiar properties
of the high temperature superconductors are attributed to the strong interactions between grains. The
electric properties of these materials over the last few years have been mainly studied on either thin
film or polycrystalline forms. Since extrinsic factors are inevitably included in these forms, single
crystal is an ideal form to understand the intrinsic properties of the superconductivity. The effort to
synthesize single crystals of Tl-based cuprate superconductor has not been very successful for the last
several years. Recently we were able to synthesize this material in a single crystalline form. This
achievement is marvelous since we are one of the very few groups in the world who could produce
this single crystal at this moment. Now we could clarify whether the already accepted facts
obtained from YBCO and BSCCO are truly intrinsic or not.

The equilibrium magnetization of Tl based superconductors will give information of the
intrinsic superconducting parameters and will replace the information obtained so far from the
thin film. The high irreversibility of the thin film caused from defects gives less accurate

intrinsic superconducting properties .

Actually PSC has been recognized as one of the best centers as far as superconductivity research is

concerned. As you can easily find at the self-evaluation at next chapter, many world-famous papers
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have been published by the PSC. Moreover, the number of collaborators in worldwide keeps
increasing and recently it is more than 40. This is possible due to the fact that we became
internationally famous for producing several world-best superconducting materials. We are also good

at measurements and understanding of physics.

2. Progress analysis

A. Degree of objectives fulfillment

In the second stage, we had more ambitious plans to do the research of new MgB, material as well
as other superconductors. In this sense, we proposed the following research topics. Since we became
one of the leading groups in this area, we have worked hard and smartly to keep this position. All of
these topies were thoroughly investigated.

- Transport of MgB; single crystals

- Study of the Hall effect in mixed state of MgB:

- Growth of MgB; thin film

- Transport study of MgB; thin film

- Magnetic Properties of MgB:

- Dynamic vortex behavior of Tl-based cuprate superconductor

- Equilibrium magnetization of Tl-based cuprate superconductor

- Study of infinite layer superconductors

Oct/1/2000 to | Oct/1/2001 to | Oct/1/2002 to
published Journal Sep/30/2001 | Sep/30/2002 | Sep/30/2003
Science 1
Physical Review Letter 2 2 3
Applied Physics Letter 2 2
Physical Review B 7 19 16
Physica C 11 9 12
J. of Korean Physical Society 2 2 2
Solid State Comm. 1 1
Supercond. Sci. Technol. 2 5
the others 4 6 14
Total 39 35 52

14



For the second stage, we have been quite successful because we were able to produce world best
quality MgB; thin films as well as MgB, single crystals and continuously upgraded the quality of
these samples. We also produced MgBsthe infinite layer n-type cuprate and Tl-based cuprate
superconducting single crystals. This success was the fruit of our hard work in setting up new sample
fabrication systems. In order to produce higher quality samples, we have devoted a couple of years to
set up several systems including a high-pressure synthesis furnace for polycrystallme and single
crystal growth, a laser ablation system for thin film fabrication and a superconducting magnet system
for the transport measurement. After a few years of struggle, we were able to produce several
superconducting samples of which quality is world's best. One example is a production of the high
quality infinite layer superconductors. The superconducting volume fraction of this sample 1s 10 to
100 times higher than that of the superconductors produced elsewhere. The superconductivity of this
electron doped infinite layer system shows the properties that are quite different from the hole-doped
cuprate superconductivity. Usually the hole-doped superconductor shows d-wave gap symmetry, but
this infinite layer superconductor shows s-wave gap symmetry.

After synthesizing these materials, we collaborate with the world-class research groups. The
numbers of the collaborators are currently more than 40. These include Caltech, Argonne National
Laboratory, Brookhaven National Laboratory, Los Alamos National Lab, Univ. of Illinois, Jet
Propulsion Lab, Univ. Of Oslo, Max Planck institute at Stuttgart, Univ. of Zagreb, Univ. of Paris etc.

3. Method for the research

At the second stage, we proposed two major hypotheses 1) superconductivity of electron doped
infinite layer superconductor could be quite different from that of the hole doped high temperature
superconductors. 2) The controlling of the inert gas atmosphere and controllability of the Mg should
be the essence of high quality of MgB; thin film. Amazingly both hypotheses turn out to be true. First
assumption was proved to be true and published at PRL. For the second assumption, people have still
not figured out the details, so nobody in the world was able to produce MgBs; thin film as good as ours

unti} now.
Synthesis and study of the infinite layer superconductors
We believed that the origin of superconductivity in the infinity layer superconductor is not

the same as that of other hole doped high temperature superconductors. The gap symmetry of

this infinite layer superconductor could be different from typically known d-wave.
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All the high-Tc cuprate superconducting materials are composed of two components, a charge
reservoir bleek and CuOssuperconducting planes. For instance, the highest Tc superconductor
HgBa,Ca,Cus;0s (Hg-1223) consists of one HgBa,O; charge reservoir block and three CuO, planes.
Intrinsic properties, such as superconducting transition temperature and critical current density,
depend critically on the alternating stacking of charge reservoir blocks and CuO; planes. But due to
the complicated intermixed contribution of the two components, how to enhance these properties for
application is not yet fully understood. In order to increase the potentials of cuprate HTS, we need to
understand the role played by each component separately. Since the infinite layer superconductor does
not have the charge reservoir block, the crystalline and electronic structures are relatively simple, thus
its understanding would be critical for version up of the possibility of HTS. But the study on this
compound has remained at poor level because of low sample quality. We have already succeeded in
making samples for this compound whose quality was found to be far better than any samples
synthesized until now unprecedented. We also found the quality of our samples just reached to the
level which makes any rigorous studies on intrinsic properties for this compound possible. We believe
that the mechanism of superconductivity in this material is quite different from that of other high
temperature superconductors. The mechanism or gap symmetry of the superconductivity of this
material will be further studied. As previously explained, we will study the low temperature behavior
of the penetration depth to get information about the gap symmetry that will help to understand the

mechanism of superconductivity.

In this research, we proved that n-type cuprate reveals that the pairing symmetry, pseudo gap
phenomenon and spin fluctuations are in fact not universal. The only ubiquitous features among all
cuprate appear to be the strong electronic correlation and nearest-neighbor Cu2+-Cu2+
antiferromagnetic interaction in the CuO, planes. We have also substituted magnetic Ni and
nonmagnetic Zn impurities at Cu sites in order to probe the nature of this superconductor. We found
that non-magnetic impurity does not suppress the superconductivity much but magnetic impurity kills
the superconductivity drastically which is very similar to that of s-wave conventional superconductors.

Ths is quite different from typical holed-doped d-wave cuprate superconductors.

The growth of the MgB; superconducting thin films

Controlling of atmospheric environment and doping configuration is the key secret to

optimize the quality of the new superconducting thin films.
Since the large size single crystal is not available yet, fabrication of high quality thin film is

crucial to study all physical properties prior to other groups. If we could grow a thin film form of new

superconductors, we will be able to obtain lots of information for those materials from the most
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physical property measurements, such as magnetization, transport, Raman and infrared spectroscopy,
and so on. Thus, we have extensively studied the growth of thin films using a pulsed laser deposition
method. One of the remarkable research results we have achieved previously is the fabrication of the
Hg-based superconductors with the highest Tc (135 K) and a single phase. We have made the world's
best Hg-based superconducting thin films by two-step method using a pulsed laser deposition system.
Because Hg-free precursor is very sensitive to H,O and CO; in moisture, we have recently developed
a special vacuum chamber to transport precursor film from a main growth chamber to a dry box
without exposing the precursor to air in our pulsed laser deposition system. In this way, we can avoid
a possible contamination of the precursor from the moisture and make high quality thin films. In order
to make mercury gas diffuse into the precursor thin film, we have to use a specially designed
configuration. Maximization of the mercury content in a thin film is the key factor for the quality of
thin films.

When the MgB, was discovered, we realized that the method to synthesize a MgB; thin film was
nearly the same as that of Hg-based high Tc superconductors. For the case of the Hg-based
superconductors, since the evaporation temperatures of Hg and the rest of compound are so different
as 500 C and 30007, respectively, in situ growth of the Hg-based superconducting this film by the
laser ablation technique didn't work. Therefore we usually made a precursor thin film without Hg by
the laser ablation first. Then we diffused Hg gas into the precursor film and it resulted in high quality
thin films. This was a key secret for synthesizing the world best quality Hg-based superconducting
thin films. This method is called a two-step method. The same two-step method was applied to the
growth of the MgB; thin film. Evaporation temperature of boron (B) is about 4000 C. Magnesium
(Mg) evaporates at about 1100°C. Due to this huge difference in evaporation temperatures the
traditional laser ablation method can not be applied for producing the MgB; thin films. While all the
rest of the world tried the traditional method to grow MgB; thm films, we adopted the two-step
method and as a result, produced the world best quality MgB, thin films for the first time. So far 1.5
years have been passed since we produced the MgB; thin film, but nobody in the world could produce

the MgB, thin films as good as ours.

4. Results

A. Research details

1) Study of the MgB:

Now we produced world best quality thin films and single crystals. We are also expert in
measuring and analyzing the basic superconducting properties of the new materials. Since we could
monopolize the high quality MgB, samples, we are in a highly advanced stage to obtain information
for those materials in advance. In this year, we measured, in advance, the most of the basic physical

property, such as magnetization, transport, and infrared spectroscopy, Hall effect in mixed state, gap
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measurement, microwave properties, and so on.

The high superconducting tranmsition temperature of 39K with conventional electron
phonon interaction is quite unexpected in this superconductor. So Simple MaMillan and the
Allem-Dynes treatments of the BCS theory may or may not describe the value of Tc. Also the
most of the physical properties of MgB, could be quite different from the conventional

superconductors. So we proposed experiments mentioned below.

- Study of the Hall effect in mixed state of MgB, : The Hall effect 1s found out to be totally
different from the conventional superconductor or the cuprate superconductors. This material becomes

ideal to study the Hall effect in a vortex state including anomalous Hall.

-Transport of MgB, single crystals: We predict the large fluctuation effect and related
phenomena, which were observed in high temperature superconductors. The existence of the vortex

liquid state and fluctuation conductivity were observed in this material.

- Transport study of the MgB; thin film: We measured the transport properties of the MgB,
thin film and found out that anisotropic Ginzburg-Landau theory is satisfied only at the certain range
of the temperature. In this work, we investigate the origin of enormously large pinning strength

(critical current density) in this MgB, thin film.

- Growth of the MgB, thin film: We continuously improve the quality of the MgB, thin film.
Even after one and half years of the first synthesis of MgB, thin film at PSC, nobody in the world
produced the MgB, thin film as good as ours. Still we are the best. Using this film, we could
collaborate about 30 groups in the world.

- Magnetic Properties of the MgB,: The low thermal conductivity and high Debye temperature
makes this superconductor unstable against the magnetic field penetration. So the beautiful

phenomena called dendritic growing of the magnetic fluxes was discovered.

2) Study of the infinite layer superconductors

The study of the high Tc superconductors is concentrated in the hole-doped case and T prime n-type
case, because the synthesis of the ideal electron doped superconductor is too difficult to make.
However, this obstacle has been removed from us. For last several years, we tried to make
electron-doped superconductor LaosSro;CuO, in a various conditions and finally produced high
quality samples. The superconducting volume fraction of ours is almost 100 %, which 1s several times

higher than the case of other frontier research teams in the world. We are the only one who knows

18



every detailed secretes of the synthesis condition. Moreover the quantity of the superconductors
produced in one run that is around 200 mg, which is about five times higher than that of the case of

other advanced countries.

We have performed the magnetic and non-magnetic doping effect to the superconductivity in this
electron doped superconductor. Then we realized that there is a possibility that superconductivity
of this material is very much different from the case of hole-doped superconductors. We
proposed the study of the gap symmetry of the superconductivity, impurity effect on the
superconductors. These are the key experiments to understand the basic mechanism of high

temperature superconductivity.

Proposed Research of electron doped superconductors

Proposed Assumption: Superconductivity of electron-doped cuprate could be quite different from
that of the hole doped superconductors. There is no electron-hole symmetry for the cuprate
superconductor. We predicted that the gap symmetry could not be same as d wave. It turns out to be

right.

The pair breaking effect of non-magnetic and magnetic impurity on the superconductors
follows conventional superconducting behavior that is totally different from the hole doped high

temperature superconductors.

3) Study of the Tl based superconductor

Despite the extensive study over the preceding decade, a fundamental understanding of the high
temperature superconductivity is still a challenge for the physicists. Many peculiar properties of this
high temperature superconductivity are attributed to strong interactions between the grains. The
electric properties of this material over the last few years still need high quality single crystals. It
enables one to deal with extremely accurate specials environment such as single crystals. These single
crystals are essential to understand the basic understanding of the superconductivity. The effort to
synthesize the single crystal lined form of T1 based cuprate superconductor was not very successful for
the last several years. However, recently we were successful to synthesize this in a single crystalline
form. This is marvelous since we are one of the several groups in the world who could produce
this single crystal at this moment. Now we could clarify the already known experimental results
obtained by YBCO and BSCCO, whether these are intrinsic properties or not.

Detailed investigation of the Dynamic behavior of the vortex motion specially near at the

second peak in a magnetic hysteresis. If this behavior is somewhat average of the YBCO or
BSCCO, this is intrinsic effect.
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The equilibrium magnetization of Thallium based superconductors will give information of
the intrinsic superconducting parameters and will replace the information obtained so far from
the Thallinm based superconducting thin film. The highly irreversible property of the thin film

from defect gives less accurate intrinsic superconducting properties.

4) The growth of the MgB; superconducting thin films
Controlling of the atmospheric environment and the configuration of doping is the key secret

to maximizing the quality of the new superconducting thin films.

Synthesis and study of the infinite layer superconductors
We believed that the origin of superconductivity in the infinity layer superconductor is not the
same as that of other hole doped high temperature superconductors. The gap symmetry of this

infinite layer superconductor could be different from typically known d-wave.

We proved that n-type cuprate reveal that the pairing symmetry, pseudo gap phenomenon
and spin fluctuations are in fact not universal. The only ubiquitous features among all cuprate
appear to be the strong electronic correlation and nearest-neighbor cu® - o
antiferromagnetic interaction in the CuO; planes. We also have substituted magnetic Ni and
nonmagnetic Zn impurities at Cu sites, in order to probe the nature of this superconductor. We
found that non-magnetic impurity does not suppress the superconductivity much but magnetic
impurity kill the superconductivity drastically which is very similar to that of s wave
conventional superconductors. This is quite different from typical holed-doped d-wave cuprate

superconductors.
B. Research results

Growth and transport properties of c-axis-oriented MgB; thin films

We report the growth of high-quality c-axis-oriented MgB, thin films on ALOs substrates by
using a pulsed laser deposition technique. The thin films show an onset transition temperature of 39.2
K with a sharp transition width of 0.15 K. X-ray diffraction patterns indicate a c-axis-oriented crystal
structure perpendicular to the substrate surface We observed high critical current densities (Jc) of 16
MA/cm® at 15 K and under self-field, which is comparable to or exceeds those of cuprate
high-temperature superconductors. The extrapolation Jc at 5 K was observed to be ~ 40 MA/cm’,
which is the highest record for MgB, compounds. At a magnetic field of 5 T, the Jc of ~ 0.1
MA/cm’was detected at 15 K, suggesting that this compound is very promising candidate for the

practical applications at high temperature with lower power consumption. As a possible explanation
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for the high current-carrying capability, the vortex-glass transition is considered.

The discovery of superconductivity in MgB, compound [1] with a remarkably high
transition temperature Tc = 39 K has attracted great both basic scientific interest [2-6] and
practical application [7-16]. The strongly linked nature of the inter-grains [7] with high charge
carrier density [6] in this material is further advantages for use in technological applications.
Recently, the upper critical field (Hc2) of 29 - 39 T [8,9], which is much higher than that of
previous reports, was observed, suggesting that MgB, is of considerable for practical application
in superconducting solenoids using mechanical cryocoolers such as closed cycle refrigerators. In
addition to higher Tc and Hc2 in MgB,, the magnitude of critical current density (Jc) is also very
important factor for use in practical applications. Indeed, successful fabrication of Fe-clad MgB;
tape has been reported [10]. This tape showed Jc of 1.6 x 104 A/em” at 29.5 K and under 1 T,
encouraging the practical application of MgB,.

To explain the complex phase in the vortex state for cuprate high-7c superconductors (HTS), Fisher
et al. [11}] proposed the theory of a vortex-giass superconductivity by considering both pinning and
collective effects of vortex lines. According to this theory, a diverging coherence length (£) near
vortex-glass transition (7g) can be described by & ~ |T-T,|" and coherence time scale z, where is the
static exponent and z is the dynamic exponent; thus I-V-curves can be expressed by a universal scaling
function. For HTS, experimental evidences of vortex glass phase have been reported [12]. Moreover, a
vortex glass transition was observed in an untwinned single crystal of YBa,Cu;0; after inducing a
sufficiently high pinning centers, suggesting that a vortex glass phase is one of origins for high Jc
[13].

In here, we report high current-carrying capability in high quality MgB, thin films, which 1s
confirmed by direct current-voltage (/-V) measurements as functions of magnetic fields and
temperatures. As a possible origin of this high Jc in MgB; thin films, the vortex glass phase will be
considered. By using pulsed laser deposition (PLD) system containing a load-rock sample preparation
chamber, we are able to fabricate very high quality MgB; thin films.

The MgB; thin films were grown on R-plane Al,O; single crystals in a high vacuum condition at ~
10”7 Torr by using PLD and post annealing techniques, which were reported in our earlier paper [14].
The PLD system used in the present study is especially designed for growth of metallic thin films
without oxygen contamination. Furthermore, this system is able to transfer the precursor B films from
the growth chamber to a very clean dry box without exposure in air. We found that preparation of pure
B film is a very crucial point for the fabrication of high quality c-axis-oriented MgB; thin films.
Typical dimensions of the samples were 10 mm in length, 10 mm in width and 0.4 m in thickness. In
order to measure I-V characteristics, thin films were patterned into microbridge shape with the strip
dimension of 1 mm long and 65 m wide by the standard photolithography technique, and then
chemically etched in the acid solution with HNOs (50%) and pure water (50%). To obtain good

21



ohmic contacts (< 1 ohm ), we coated Au film on the contact pad after cleaning the film surface with
an Ar ion-bearn milling. This patterning process didn't reduce the superconducting properiies of MgB»
thin film.

Fig. 1 shows the low-field magnetization at H = 4 Oe for both the zero-field-cooled (ZFC) and
field-cooled (FC) states of an MgBs, thin film. A very sharp diamagnetic transition is observed. X-ray
diffraction analysis indicates that the MgB thin film had a highly c-axis-oriented crystal structure and
that the sample purity exceeded 99% (inset of Fig. 1). These results indicate that the MgB; films used
in the present study are homogeneous and of very high quality.

Fig. 2 shows (A) the plane-view and (B) the cross-sectional view taken by scanning electron
microscopy techniques of MgB. thin films grown on Al O; substrates having a thickness of 0.4 m.
Very smooth and shiny surface morphology can be observed except for the triangle or hexagonal
shape single crystals that are embedded on the surface. We confirmed that these crystals are MgB,
compound from the analysis of energy dispersive x-ray spectroscopy. In the cross-sectional view of
our thin films (Fig. 2B), we observe no grain boundaries, indicating that our thin films are very dense
and have well-connected crystal structures

Fig. 3 shows the typical temperature dependence of the resistivity of MgBo thin film. The onset
transition temperature of 39.2 K with a very sharp transition of ~ 0.15 K, determined from 90% to
10% of the normal-state resistivity, was observed. The resistivity at 300 K of 10.4 cm in the thin film
is similar to that in polycrystalline MgB, wire [15] whereas a residual resistivity ratio (RRR =
300K/40K) of 3, which is much smaller than the value observed in MgB. wire, is observed. This large
difference of RRR value depending on various synthesis methods is still under debate [6, 17]. A very
small (less than 0.5%) magnetoresistance was observed at 5 T and 40 K.

We measured the magnetization (M-H) hysteresis loops of a MgB, thin film in the field range of -5
T<H <5 T with parallel to the c-axis by using a superconducting quantum interference device
magnetometer. Fig. 4 shows the M-H curves of the thin film at temperatures of 5 and 15 K. The
magnetization at low field decreases below 7= 10 K with decreasing temperature (lower panel of Fig.
3), mdicating the dendritic penetration of vortices. This is explained a thermo-magnetic instability in
the flux dynamics [18]. Therefore, we may not apply the Bean critical state model in this temperature
region.

Fig. 5 shows the Jc estimated from M-H loops (open symbols) and measured directly by transport
method (solid symbols), as functions of temperatures and magnetic fields. The transport Je was
determined by using a voltage criterion 1 V/mm. From the M-H curves, we calculated the values of Jc
using Bean critical state model (Jc = 30M/r), where M is the height of M-H loop. Here, we used r=
1.784 mm, the corresponding radius to the total area of sample size. With this sample size, the Jc
curves obtamed from M-H loops and /-7 measurements are well coincided, indicating strongly linked
nature of the inter-grains on the thin film, but different from the behavior of the HTS [19].

Under self-field, the Je was observed to be 16 MA/cm” at 15 K and then slightly decreases to 12
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MA/cm’ at 5 K. As mentioned before, since the temperature region below 15 K cannot be applied
eritical state model, the transport Je at 5 K is probably higher. From the I-V measurements region
using polycrystalline thin films, the monotonous increase of critical current density with decreasing
temperature at low temperature was observed [20]. The extrapolation value of Jc at 5 K was estimated
to be 40 MA/cm’, which is the highest record for MgB2 superconductors and is comparable to that of
YBa;CusO7 thin film [21] or even exceeds those of other HTS, such as Hg- and Bi-based
superconductors {22,23]. The high Jc of ~ 0.1 MA/cm” at 37 K in self-field suggests that MgB; thin
film has very high potential for applications of electronic devices operating high temperature, such as
microwave devices and portable SQUIDs sensors by using miniature refrigerators with low cost. At H
= 5 T, the current carrying capability of 0.1 MA/cm® at 15 K, is also of considerable for practical
application in superconducting solenoids using mechanical cryocoolers with low power consumption
if we fabricate high quality MgB> thick films or tapes.

In order to investigate the vortex phase diagram of MgB> thin film, we have measured I-V
characteristics for various magnetic fields as shown in Fig. 6. The IV curves in the inset of Fig. 6 are
very similar to typical behavior of YBa,CusO; superconductor [12] around vortex-glass transition
temperature 7g. According to the vortex-glass theory [11], I-V curves show positive curvature for 7 >
1g, negative curvature for 7 < Tg, and a power-law behavior at Tg, which is in good agreement with
our results with 7g = 26.15 K at H = 3. Furthermore, these I-¥ curves can be expressed by a universal

scaling function near 7g with two common variables given by

Ve=VIIT-T, [ )

ISC:]/TIT—Tg[“, 2)

All I-V curves collapse onto above scaling functions with static exponents of = 1.0 and dynamic
exponents of z = 4.5, which were in good agreement with the theoretical prediction for a
three-dimensional (3D) system. This scaling behavior is well satisfied all /-V curves measured at other
fields from 1 to 5 T. We find that the vortex-glass region of MgB> is wide, implying that the pinning
force is very strong at low temperature. We suggest that the high current carrying capability of MgB;
superconductor is probably originated from the 3D vortex-glass phase with strong pinning disorders
and with higher charge carriers [6]. Indeed, the vortex glass phase of untwined YBCO single crystal
was observed only for highly disordered samples after proton irradiations whereas the vortex lattice
melting transition was observed in pristine samples [13].

By using PLD system with a load-rock sample preparation chamber, we have successfully
fabricated very high quality MgB, thin films. SEM images show that our thin films are very dense and
have well-connected crystal structures. We have measured Jc in MgB> thin film by both transport
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property and M-H hysteresis curves. We find these two data are quite well coincided into one curve
for entire temperature region, indicating that the Bean's critical-state model 1s well consistent with this
material. We observed high Jc of 16 MA/cm’at 15 K and under zero-field, which is comparable to
those of HTS. At a magnetic field of 5 T, the critical current density of ~ 0.1 MA/cm’ was detected at
15 K, suggesting that this compound is very promising candidate the practical applications at high
temperature, such as a liquid-He-free superconducting magnet system and superconducting electronic
devices by using mechanical or miniature cryocoolers with lower power consumption. We have

suggested the 3D vortex-glass phase as a possible origin for high current-carrying capability of MgB..
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Fig. 1. Magnetization at H = 4 Oe in the ZFC and FC states of MgB; thin films grown on ALO;
substrates. A very sharp diamagnetic transition was observed. The inset shows the X-ray diffraction
patterns, indicating a highly c-axis-oriented crystal structure normal to the substrate surfaces. S

denotes the substrate peaks.

Fig. 2. (A) Plane-view and (B) cross-sectional view of SEM pictures of MgBs thin films grown by

pulsed laser deposition system on Al,Os substrates.
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Fig. 4. The upper part shows the M-H hysteresis loop at 5 K (solid circle) and 15 K (open circle). The

lower is the magnified view for low field region at 5 and 15 K.
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Energy gap, penetration depth and surface resistance of MgB; thin film determined by

microwave resonator measurements

We have measured the temperature dependence of the microwave surface impedance Zs = Rs + iy
A of two c-axis oriented MgB, films at a frequency w/2n of 17.9 GHz employing a dielectric
(sapphire) resonator technique. Apart from small deviations close to Tc, the temperature dependence
of the magnetic field penetration depth A can be fitted by the standard BCS expression assuming the
reduced energy gap A(0)/kTc to be as low as 1.03 and 1.13 for two different samples. For the
penetration depth at zero temperatures, values between 115 nm and 136 nm were determined from the
fit. Our results clearly indicates the s-wave character of the order parameter. The temperature
dependence of the surface resistance Rs below Tc¢/2 is consistent with the low value of the energy gap.
The surface resistance below 8 K was found to be below the resolution limit of 100pQ for our

measurement technique.

The question about the energy gap in a particular superconducting material is of fundamental
importance for the understanding of the relevant pairing mechanism and for the determination of its
application potential. The recently discovered superconductivity in MgB, [1] raises this question with
particular emphasis.

According to initial findings, MgB, seemed to comprise a high transition temperature with
superconducting properties resembling that of conventional superconductors rather than that of high
temperature superconducting cuprates [2-4]. In particular, the strong anisotropy of superconducting
properties, the short coherence length and the unconventional order parameter being apparent for high
temperature superconducting cuprates have tumed out to be a burden for many applications.
Consequently, such burdens are expected not to be present or at least less pronounced in MgB,.

Recent experiments have brought some clarifications about the gap features of MgB,. According to
tunneling spectroscopy [5], point contact spectroscopy [6-7], photoemission[8], Raman scattering [9],
specific heat [10-11], and optical conductivity spectra [12] there is evidence for an s-wave symmetry
with two distinct gaps possibly associated with the two separate segments of the Fermi surface being
present in MgB; [13]. The absolute values of these two gaps were determined to be around 1.5 to 3.8
meV and 5.5 to 8 meV consistently by these different methods.

On the other hand, the temperature dependence of the penetration depth A(7) is quite controversial.
Quadratic, linear and exponential dependence are reported in the literature [14-19]. Quadratic and
linear dependence might be an indication for unconventional superconductivity, similar to high
temperature superconducting cuprates [20]. However, the observation of an exponential dependence
would be clear indication for a nodeless gap, i.e. for an order parameter comprising s-wave symmetry.
Hence, a very high measurement accuracy for temperature changes of A at 7<<T¢ for high quality

samples 1is required to distinguish between a power-law and an exponential temperature dependence.
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Microwave surface impedance measurements have proved to be the most sensitive tool to determine
the temperature dependence of the magnetic field penetration depth of both thin film {21] and bulk
single crystal samples [22]. In particular, they have been employed successfully to attain significant
information about the symmetry of the order parameter in the high temperature superconducting
cuprates. Therefore, microwave resonator techniques are most appropriate to be used for
high-precision A(7) measurements on high quality MgB, samples.

Apart from the penetration depth the microwave surface resistance, Rs is an important figure of
merit for microwave applications. According to BCS theory, the expected exp(-A/%kT) dependence of
Rs below Tc/2 might result in very low Rs values at temperature attainable with low-power
cryocoolers.

MgB; thin films were fabricated using a two-step method by pulsed laser deposition. The detailed
process is described in [23] and [24]. The films deposited on a plane parallel [1102] oriented sapphire
substrate of 10x10 mm?® in size exhibit a sharp resistive and inductive transition at Tc =39 K. The film
thickness was 400 nm for both samples. X-ray diffraction analysis indicates a high degree of
c-axis-onentation perpendicular to the substrate surface and no detectable amount of MgO or any
other crystalline impurity phases. The microwave surface impedance was determined using a sapphire
dielectric resonator technique described elsewhere [25]. The cavity with part of one end plate
replaced by the thin film sample was excited in the TEq;5 - mode under weak coupling conditions. The

unloaded quality factor Qy and resonant frequency was recorded as a function of temperature. The real

. € .
part of the effective surface impedance, the effective surface resistance Rsﬁr was determined

according to

Oy(T)  QOpy (4.2K)

with G being a geometrical factor determined by numerical simulation of the electromagnetic field

ijf(T)zG I ! } (1)

distribution in the cavity and Qmw (4.2 K) = 108,440 representing the unloaded quality factor
measured by employing a high-quality NbN thin film as sample. The notation "effective" indicates an

enhancement of Rs and due to the film thickness d being of the order of A[26]. For temperatures

below 30 K Eq. 1 allows for the determination of Rfﬁ with a systematic error of about 0.1 mQ,

which is due to neglecting the temperature dependent background losses of the cavity and the small
microwave losses (Rs = 10”°Q2) of the NbN film.

5t ()= G TD=1GK)
i, [7(K)

The temperature dependence of the effective penetration depth was determined from the

2

temperature dependence of the resonant frequency A7) using with po = 1.25610-6 Vs/Am. There is a

systematic error due to frequency changes caused by thermal expansion, the temperature dependence
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of the skin depth of the cavity wall material (copper) and the temperature dependence of the dielectric
constant of sapphire. To account for these effects, we recorded the temperature dependence of the
resonant frequency employing a copper sample. From this measurement we found that the systematic
error is less than 1 nm for 7 15K and less than 2.5 nm for T 25 K, which is at least one order of
magnitude lower than the observed temperature changes of X for our MgB, sample. Therefore, Eq. 2
was applied without correction for our investigation.

In general, microwave resonator measurements do not allow for the determination of absolute
values of A because the resonator dimensions are only know with a precision of several ten
micrometers. However, absolute value A can be extracted by comparing the measured temperature

dependence with existing models.

Fig. 1 shows temperature dependence of Rseﬁ and 07 (sample B) as determined by Eq. 1 and Eq.
2, respectively. The inset shows Rfﬁ (7) value at low temperatures. The solid line represents the

resolution limit of our setup. Below 8K, Rfﬁ is below the resolution of our technique (100ug2).
Scaling to 10 GHz by assuming an  law results in a corresponding value of less than 30pQ. To our
knowledge, this is the lowest value reported for wires, pellets and thin films of MgB»[17,27-29].
Fig.2 shows the measured temperature dependence of 827 determined from AT) according to Eq. 2.
m a log dA versus 1/7 representation. The nearly linear dependence in this representation clearly
indicates an exponential dependence as predicted by BCS theory [20]. In contrast, a double
logarithmic plot of the same data indicates that a power law does not fit the data at low temperatures.
The occurrence of an exponential behaviour of SAZ(T) at T <Tc / 2 is a clear ndication for a finite
energy gap in all directions of the Fermi surface without nodes. The solid lines represent BCS

calculations based on the standard BCS integral expression[20]

1 1 ©  of(e) £
——— = 1-2 | - de
(1) A(0) ary 08 e — AN(T) (3)

with fle)=[exp(e/kT)+1]" representing the Fermi function and A(7) the temperature dependence of
energy gap. The quantities A(0)/kTc and (0) are used as fit parameters. For the temperature
dependence of A(T)/A(0) values tabulated in Ref [30] were used. The dAscs values calculated from Eq.
3 are multiplied with coth(d/Ascs) to account for the finite film thickness [26]. As a result, the fits of.
Eq. 3 to the dA(T) date (full lines in Fig. 2) yield A(0)/kTc=1.13 (A(0)=3.8meV) and A(0)=115nm for
sample A, A(0)/kTc=1.03 (A(0)=3.5meV) and A(0)=136nm for sample B. For comparison, the same
analysis was performed for a NbN thin film, which is a well-known s-wave superconductor with a
relatively high Tc of 15.8 K. The fit parameters are A(0)/k7c = 2.3 and A(0) = 265 nm, respectively,
which is similar to literature data [31]. The A(0)/kTc values obtained for the MgB. samples are similar
to the value of 3.5£0.5meV determined by scanning tunneling microscopy [5]. The A(0) values are

also in the range of corresponding values determined by other techniques [14,17,32,33]. In contrast to
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tunneling experiments, which are very sensitive to a possible modification of the surface, microwave
surface impedance measurement probe almost the entire volume of a thin film sample with thickness
of the order of A. Therefore, surface degradation can be ruled out as a possible reason for the small
values of A/kTc. In fact, some tunneling data exhibit A/kTc values even lower than ours, indicating
that surface degradation effects may play some role there [3,4].

The other possible explanation is that the small gap represents the smallest component of a
double-or multigap or a strongly anisotropic gap. In this case the temperature dependence of A at
T<<Tc would be determined by its minimum value, because A(7) probes the thermal excitations with
the lowest activation energy. However, the existence of a second larger gap should have a significant
impact on A(7) at higher temperatures. Fig.3 shows the temperature dependence of A% (0)/X°(T), which
represents the normalised superfluid density. Sample A exhibits an almost perfect agreement with
BCS theory, sample B exhibits slight deviations above 0.6 Tc. Similar to sample A, the NbN film
exhibits perfect agreement over the entire temperature range. The latter indicates, that the effects of
strong coupling on A7) can be modelled just by assuming A/kTc being larger than the BCS-value of
1.76[34].

In order to test a possible two gap scenario, we tried fits of

| 1 1
FT) ™ Dges (ToBy IRT) T’ (T B TKT,)

representing two independent components of the superfluid with different values of the energy gap.
Employing A, / kTc as determined before from the low temperature A(7) data we could not attain any
improvement of our fit for any value of Apax / kTc Amin/ kTc and for any possible combination of A(0)
values for the "small" and "large" energy gap superfluid component. From this result we can rule out
that a second independent superfluid component with a larger energy gap provides a significant
contribution to our experimental results. However, since the films have a high degree of c-axis
orientation and since the rf current induced by the resonator field are "in-plane”, we cannot exclude a
strongly anisotropic gap. In fact, a study of the c-axis microwave response on bulk single crystals
would be an experiment worth to be done.

Another possible reason for the fact that a two-gap fit does not work is that thermal excitations from
the low energy gap "smear" the effects of the large energy gap in the quasi particle density of states. In
this case the independent two-fluid picture is no longer appropriate. To prove such an hypothesis,
more advanced theoretical modelling of a two-gap superconductor would be necessary. The absence
of second energy gap was also found for SIS junction[7,35]. It is believed that the persistent and clear
observation of only small energy gap is due to the much higher probability of tunneling into the 3d

band, where only the small energy gap exists [7].

RT _RY

Fig. 4 shows temperature dependence of the (4.2 K) date of our samples The full lines

indicates fits of an exp(-A/kT) dependence with A/kTc values as determined from A(7). According to
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Fig. 4, the data are consistent with the fit.

In conclusion, our experimental finding represents clear evidence for the existence of a finite gap
with A(0)/kTc values around 1.1. The temperature dependence of A can be fitted by BCS theory in the
entire temperature range below Tc. The very low Rs value (<100p<Q at 4.2K and 270pQ at 15K and
17.9GHz ) obtained for one sample implies that MgB, is a promising material for microwave

applications.
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Fig. 1: Temperature dependence of R;sz and 507 of a MgB; thin film recorded at 17.9 GHz using a

. . I3 . e
dielectric resonator technique. The inset shows the Rsﬁ (T) values below 8K and our measurement

resolution of 100p€2 .
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Fig. 2: X4 dependence on temperature below 20K (7¢ /2) for two MgB, samples and a NbN thin film

for comparison. The solid line represents BCS fits with parameters as described in the text.
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Fig. 3: % (O)/)Lz(T) dependence for the samples shown in Fig. 2. The full lines represent BCS fits
using A(0)/kTc as fit parameter. The predictions by two fluid model (dashed) , quadratic
(dashed-dotted) dependence and standard BCS model with A(0)/kTc = 1.76 (dotted) are also drawn.
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Effect of pressure on the superconductivity and magnetism of Ho;.,Dy,Ni;B,C

We have studied the pressure effect on the superconductivity and the magnetism of
Ho,.xDyxNi;B,C for x=0.1 and x=0.4 by measuring its transport properties. While the superconducting
transition temperature 7c lies above the Neel temperature 7n for x=0.1, the Tc lies below the Ty for
x=0.4. The pressure changes the magnetic exchange integral, Jir, and controls the pair breaking effect.
In the case of the x=0.1 sample, increasing pressure decreases 7¢, which can be explained by the
pressure-induced change of the magnetic exchange integral Jir within the Abrikosov-Gor'kov's theory.
On the other hand, the pressure does not influence the 7c of the x=0.4 sample. Also, we measured the
pressure dependence of the upper critical field. These results support the phenomenological theory of

multiband superconductivity in an antiferromagnetic state.

The intermetallic compounds RNi,B,C (R =Y, Lu, Tm, Er, Ho, and Dy) [1-4] have attracted much
interest because they are ideal for studying the competition between superconductivity and
magnetism[5]. Depending on the rare-earth element R, these compounds show various types of
magnetic structures. In this system, the localized spins from 4f orbitals are indirectly coupled with

each other through the conduction electrons, i.e., through the RKKY interaction. Based on the band
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calculations [6,7], the electrons form complicated multiband structure near the Fermi level, and the
superconductivity is thought to be mainty from the Ni 3d band. Other bands also contribute, however.
According to the Abrikosov-Gor'’kov (AG) theory, the magnetic moments at rare-earth ions generate
the pair-breaking field of superconductivity and suppress the superconducting transition temperature
by an amount Tc = Tc -Tco, which is proportional to Jsfz(gJ-l)2 J(J+1) [8]. Here, J 1s the exchange
mteraction between the conduction electron spin and the localized momentum of the f orbital, and
(gJ—l)2 J(J+1) is the so-called de Gennes factor (dG). This series of compounds also roughly follows
the de Gennes scaling in the AG theory of Tc suppression[9-13]. However, very notably, for
Ho1xDyxNi;B,C, the de Gennes scaling is broken severely [14]: For increasing concentration, X, the
Tn increases with dG, and the Tc decreases when Tc > Tn however, after 7Tc drops below Ty, Tc
remains almost constant. The AG theory, which is based on the paramagnetic state, is not suitable for
explaining this case, i.e., the superconductivity in an ordered magnetic state. This anomalous behavior
was explained using competition between two superconducting order parameters from two different
bands [15]. As seen in Fig. 1, the field at the Ni site in the commensurate antiferromagnetic order of
the rare-earth atoms is cancelled, and its effect on the Ni site is suppressed because the Ni sites are
located at the centers of tetrahedra consisting of nearest-neighboring rare-earth atoms. Thus, if we
assume that one of the bands originates from the Ni d-orbital, that band is hardly mnfluenced by the
commensurate antiferromagnetic order. This assumption is also supported by the Mossbauer
spectroscopy[16] which shows a vanishingly small local magnetic field at the Ni site in HoN1,B,C
below the Neel temperature. Experimental studies to test this idea and to understand the magnetic pair
breaking phenomena for various x are underway.

Unfortunately, it is not simple to study the effects of magnetic order on superconductivity by
substituting rare-earth ions. Since the magnetic structure depends on the rare-earth ion R in
RNi:B,C[17], the substitution can change not only the dG but also the magnetic structure. Among
nickel borocarbides, Ho and Dy are the only pair that have a similar magnetic order but different dG.
Thus the mixing of Ho and Dy does not disturb the magnetic structure. However, for other pairs of
rare-earth ions, mixing causes complicated magnetic structures[18] as for Er;.xTbxNi,B,C [19,20], and
makes it difficult to study the pair-breaking effect.

The Tc suppression, 7c in the AG theory, and Ty in the RKKY theory are both proportional to
Ji#dG. Thus, the pair-breaking strength can be controlled by Ji, as well as by dG. Since Jy is
determined by the overlap of the f-orbital and the wave function of conduction electrons, it is sensitive
to the external pressure. The pressure decreases the distance between atoms and increases the overlap
of the orbitals. Up to linear terms, the dependence of the Ji on the pressure can be written as
Jsi(p)=JswoH(dJs/dp)p. Michor et al. [21] reported that Jip=31 meV and dJy/dp ~ 1.0 meV/GPa are
common values for Ri«R'x\Ni;B,C with R =Y, Lu and R' = Dy, Ho, Tb, Gd. Here, pressure doesn't
change the composition, so it is simpler to study the effects of magnetic order than it is when

substituting of rare-earth elements.
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The purpose of this article is to investigate the interaction between magnetism and
superconductiwity for a magnetically ordered state by controlling Jir by changing the pressure without
changing the composition and to show how differently the 7¢ responds to the pressure for 7c > Ty and
Te < In. For this purpose, we adopted two pseudo-quaternary compounds, Hoy.xDyxNi;B.C with x=0.1
and x=0.4, which have values of Tc slightly higher and slightly lower than 7w, respectively. The
experiments reveal that pressure (or Ji) suppresses the Tc following the AG theory in the
paramagnetic region (Tc > Tw), and that the Tc is almost constant for Tc <Tn. Actually, the Tc
increases very weakly with pressure. The pressure dependences of the Tc and the upper critical field
Hcy(T) lines for x=0.1 strongly suggest that the superconductivity, which is insensitive to the
magnetism below T, originates from cancellation of the pair-breaking fields at the Ni sites. Since our
pressure experiments are quite similar to those for the substitution effect in Ho,.xDyxNi;B,C [14], the
two-band phenomenological theory [15] for Ho;xDyxNi,B,C is also applicable to our experiments.

Single crystals of Hoo.sDyo 1Ni,B,C (x=0.1) and Hoo sDyo sNi,B,C (x=0.4) were grown by using the
high temperature Ni;B flux method [22-24]. The obtained single crystals which were plate shaped,
were cut by using a wire saw and were then ground into a bar shape with dimensions 1.7 x 0.6 x 0.2
mm’ for x=0.1 and 1.7 x 0.6 x 0.3 mm’ for x=0.4. Then, the crystal bars were annealed at 950C for 6
hours to remove possible internal stresses introduced during the polishing process. The electric
resistances of these samples were measured from 7= 2 K to 20 K for hydrostatic pressures up to 2.0
GPa. The magnetic field effect was also investigated, especially for x=0.1, for fields up to 5 kOe at
pressures of 0.1 GPa and 2.0 GPa.

Figure 2 shows the temperature dependence of the in-plane electrical resistivity (7) under various
pressures up to 2.0 GPa for the temperatures in the range 2 K 7 < 15 K. For x=0.1 [Fig. 2(a)], at p =
0.1 GPa, the Tc is measured as 8.2 K. The Ty cannot be determined from the resistivity measurement
below Tc. For p 1.0 GPa, the Ty can be measured due to the reentrance behavior which appears near 6
K. The reentrance behavior of (7) occurs due to the maximum fluctuation of the magnetic orderng.
Thus, the 7y is determined from the maximum of the (7) in the reentrance region. Reentrance behavior
does not appear in our x=0.1 sample at zero and low pressures, while it was reported previously [14].
The reentrance at this concentration seems to be delicate and strongly sensitive to the inhomogeneity
and magnetic scattering induced by some structural defects or disorders. At p = 1.0 GPa and 1.5 GPa,
the (T) peaks occur at near 6 K, and the values of Ty are indicated by the arrows in the figure. The
resistivity at p = 1.5 GPa drops near 7.5 K, but does not go completely to zero because of either severe
reentrance behavior or fluctuating vortex states. Therefore, under this pressure, the Tc is uncertain, but
it is estimated to be between 6.1 K and 7.5 K.

The former value was determined from zero resistance, and the latter value was from linearly
extrapolating the resistance data around 7.5 K to zero resistance. As the pressure increases, the Tc
decreases, but the Tn increases, and at p = 2.0 GPa, Ty exceeds Tc. For p=2.0 GPa, there is a

preceding drop of (7) near 6.5 K, which is above T¢, since the antiferromagnetic ordering suppresses
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the paramagnetic scattering. Thus, 7y is determined as 6.5 K. A weak decrease of (7) is also observed
below 8.5 K. The origin of this might be related with a weakly developing magnetic order, such as the
spiral and a-axis modulation found in HoNi,B,C [17]. A detailed study of this would require neutron
or x-ray scattering information of the magnetic structure.

For x=0.4 [Fig. 2(b)], (7) for p = 0.1 GPa shows the typical temperature dependence for a magnetic
superconductor with 7c < Ty as T decreases, (7) first decreases at T = 7.2 K and then goes completely
to zero at Tc = 6.0 K. The sharp nature of (7) near the T becomes gradual for p 1.0 GPa. Therefore,
the determination of Ty is not easy. Instead of specifying Ty, we distinguish T™ and 7u°". Here,

T\™ is the onset of the resistivity drop and 7™ is the mid point of the resistivity values at Ty

onset
and just above the superconducting transition. Since T v follows the RKKY theory well, it was used
for our analysis and is indicated by the arrows in the Fig. 2 (b).

The external magnetic field dependency for x=0.1 was measured at low pressure p=0.1 GPa [Fig.
3(a)] for Tc > T in zero field and at high pressure p = 2.0 GPa [Fig. 3(b)] where Tc < 7. For p=0.1
GPa, the Tc decreases abruptly from 8.5 K to 5.3 K when a rather weak field of 0.1 T is applied. This
weak field enhances the reentrance region around 5.8 K and is enough to destroy the upper
superconductivity between 6 K and 7.5 K. When 7c¢ < Ty, the Tc decreases linearly. Unlike the case of
p=0.1 GPa, for the pressure p=2.0 GPa, the R-T curves show a rather simple behavior from the start as
the field varies; the 7¢ decreases linearly as the field increases, and the Tn is slightly suppressed by the
field. These behaviors are similar with those for DyNi,B,C which has a Tc lower than its Tx.

The pressure dependence of Tc and Ty (the T W is used for x=0.4 sample), determined from Fig. 2,
are plotted in Fig. 4. The behavior of the Tc and the Ty for x=0.1 follows the AG theory and the
RKKY theory, respectively, as was expected from the fact that the pressure increases the exchange
coupling Ji. According to the AG theory, the Tc decreases with increasing pair-breaking parameter,
JidG. Thus, the pressure, by increasing Jis, will suppress the 7c (p). The observed initial slope,
d7c/dp = - 0.64 K/GPa, is roughly consistent with the value, -0.49 K/GPa, estimated by assuming the
linear pressure dependence in Eq. (1), and by adopting the values Jyo = 31 meV and dJi/dp=1.3
meV/GPa reported in Ref. 21. The increase of the Tn can be understood easily since Ty JidG in the
RKKY theory. The slope of the Ty (p) is measured to be d Tn /d p= 0.48 K/GPa. This is quite
consistent with the estimated value d7w/dp = 2[Tx (0)/d/:0](dJ/dp) = 0.482. Figure 4(a) shows the
experimental Tn values and the estimated values.

For Ty > Ttc, i.e., for p =2 GPa in case of x=0.1 and for x=0.4 sample, the behaviors of the Tc (p)
and the Ty (p) are quite different from those of x=0.1 sample for p <2 GPa. As seen in Fig. 4 (b), the
Tt (p) is not much affected by the pressure. As the pressure increases, the 7¢c does not decrease; it
even increases very slightly. We suggest that the superconductivity from the Ni band is not affected
due to the cancellation of the pair-breaking field at the Ni sites in the Neel state [15]. From this
interpretation, the 7c given by the Ni bands alone is at most about 6 K. Since the Tc 1s near 8 K when

x=0.1 and p=0 GPa, there should be an additional second band which is sensitive to the magnetic pair

39



breaking. The superconductivity of the second band becomes suppressed as the pressure increases, and
finally vanishes while that of the Ni bands survives when Tx > 7c. Moreover, as the Ty goes up and
moves away from the Tc, the fluctuation of the magnetic order decreases, thus enhancing the
superconductivity weakly. On the other hand, the 7M onset increases very rapidly with pressure. The
change of the Tm onsite is far more rapid than that of 7M mid estimated from the same set of
parameters, J50 and dJi/dp (line in Fig. 4 (b)}. The drop of the resistivity at Ty is so gradual that it
is hard to regard it as the antiferromagnetic transition. The T\™ determined from the midpoint in the
resistivity roughly follows our Tn line estimated from RKKY theory. From this fact, we presume that
the antiferromagnetic transition occurs not near the Ty™™ but near the 7y™. Thus, the de Gennes
scaling is still valid for the magnetic properties of this sample.

The behavior of the two superconductivities from the different bands can be made clearer if we
compare the Hc2(T) curves for Tc > Ty and for Tc < Tw. Figure 5 shows the Hc2(T) and the 7w (H) for
x=0.1 at 0.1 GPa and 2.0 GPa, which were determined from Fig. 3. Since the magnetic field was
applied along the c-direction, which is perpendicular to the preferred direction of Ho and Dy spins, the
changes of Tn (H) due to a magnetic field should not be severe. The Hc2(T) curve for 0.1 GPa for T<
T 1s very similar to that for 2.0 Gpa at which the Tc is lower than the 7x. The difference appears at T
> Tn. This means that the superconducting state at 7 < Tn is insensitive to magnetic pair breaking no
matter the value of the Tc. This supports the idea that the superconductivity is governed by the Ni
band which is not affected by the pair-breaking field. However, at T > Ty, the superconductivity is
suppressed by the pressure through the second band which is sensitive to the pair breaking field.

In conclusion, we measured the resistance of Ho;.xDyxNi;B,C with x=0.1 and x=0.4 under high
pressure, to study the superconductivity and the magnetism. Basically, the pressure controls the pair
breaking effect by changing the magnetic exchange integral, Ji, as in the case of direct changing of
the elements with different de Gennes factors. The effects of Jir on the superconductivity, both in
paramagnetic and ordered magnetic states, was thoroughly studied. In the paramagnetic state, the 7c
decreases as the pressure increases, and follows the AG theory. However, in the ordered state, the 7c
doesn't change much and even increases slightly.

The upper critical field Hc2was also measured for x=0.1 and showed that Hc2(7) for both p=0 and
p=2.0 GPa below Tn were the same. The superconducting state below Ty did not depend on the
strength of the magnetic pair-breaking field. This supports the idea that, due to the cancellation of the
magnetic pair-breaking fields at the Ni-sites, the Ni band becomes the only source of the
superconductivity below the 7y in HoNi,B>C and DyNi;B,C. The breakdown of the de Gennes scaling
with pressure can be basically understood by the phenomenological theory of two superconducting
order parameters [14] as for substitution experiments [15]. We expect that the pressure experiment can
be a powerful tool to study the pair-breaking effect in the borocarbides of general magnetic structures

as in our result of Ho1«Dy«Ni;B,C.
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FIG. 1. The arrows attached to the Ho or the Dy indicate the directions of the magnetic moments of

the rare-earth atoms in Nel states. The nickel is located at the center of the tetrahedron (dashed line)

formed by the four nearest rare-earth atoms.
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FIG. 2. Temperature dependences of the resistivity under various pressures for (a) x=0.1 and (b)

x=0.4.
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FIG. 3. Temperature dependences of the resistivity for various magnetic fields for the x=0.1 sample
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phase boundary of superconductivity based on the Ref. [17]. The solid line is the pressure dependence
of the Ty estimated from 7w in the Eq. (1).
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Reversible magnetization of MgB: single crystals

We present reversible magnetization measurements on MgB, single crystals with T, = 38 K and with

the magnetic field parallel to the crystal's c-axis. This magnetization is analyzed in terms of the
Hao-Clem model, and various superconducting parameters, such as the critical fields [H (O and
H cz(o)], the characteristic lengths [f (0) and /1(0)], and the Ginzgurg-Landau parameter, are

derived. In the temperature range we investigated, AT) could be well fitted by using both the

two-fluid model and the two-gap model.

L. Introduction
MgB, with a superconducting transition temperature (Tc) of 39 K [1] has attracted great attention

because it has several notable features compared to other conventional superconductors. First, its Toof
39 K may be too high to be explained within the conventional electron-phonon mechanism. Therefore,
an unconventional pairing mechanism [2] was proposed as a possible candidate of theoretical
description. However, an early isotope experiment ruled out the unconventional theory and showed
that the main driving force for the superconductivity is electron-phonon coupling [3,4]. Furthermore, it

was suggested that the anisotropy in the electron-phonon coupling plays an important role in the
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unusually high T, {5-7].

Another notable feature of MgB; is its multi-gap property. A number of theoretical [5, 6, 8] and
experimental investigations [9-15] suggest that MgB, has two different superconducting gaps: a larger
gap originating from a two dimensional cylindrical Fermi surface with an average gap value of 6.8
meV and a smaller gap associated with a Fermi surface of three-dimensional tubular networks with an
average gap value of 2.5 meV. Recently, direct evidence for two superconducting gaps was obtained
from several measurements, such as specific heat [16], penetration depth [17, 18], tunneling [19, 20],
point-contact spectroscopy [21] and photoemission spectroscopy [22, 23] on good quality MgB; single
crystals and thin films.

Third, MgB; is a very interesting system regarding vortex problems. Like high-Tc and some
conventional superconductors which show various vortex phases and vortex phase transitions, MgB; is
reported to have surface superconductivity [24] and peak effects [25, 26]. In this sense, MgB, may
offer a unique opportunity to study the interplay between the various vortex phases and the two
superconducting gaps. If these behaviors are to be understood, a study of the equilibrium
magnetization which characterizes the material's thermodynamic parameters, such as the
thermodynamic critical field and the magnetic penetration depth, is a prerequisite. The determination
of superconducting parameters, however, was hindered by the strong pinning in MgB, bulks and thin
films [27]. On the other hand, the pinning is orders of magnitude lower in single crystals [28, 29];
thus, a study of the superconducting parameters for single crystals is urgently needed. Previously,
those parameters were obtained exclusively within the London model [30]. Since the London model

only considered the free energy from electromagnetic contributions and ignored the free energy

associated with the core parts, which becomes quite important in low- K (: Alg )materials such as
MgB,, a description within the London model has inevitable limitations. Therefore, a more complete
model which considers the free energies both from the electromagnetic part and from the core part is
needed.

In this paper, we present reversible magnetization measurements on MgB; single crystals with

T, =38 K. The weak pinning property of our single crystals enabled us to have a wide reversible
region in the magnetization data. To calculate more reliable superconducting parameters, we applied
the Hao-Clem model based on the Ginzburg-Landau (GL) theory to the magnetization. Using applied

fields up to 1 T parallel to the c-axis, we obtained superconducting parameters such as the critical field

H.(0) and the penetration depth A0) .
I1. Experiment

Single crystals were grown by using a high-pressure technique [28, 29]. A 1:1 mixture of Mg

and amorphous B powders was well ground and pressed into a pellet. The pellet was put in a BN
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container and then placed in a high-pressure cell equipped with a graphite heater. Heat treatment was
done inside a 14-mm cubic multi-anvil-type press (Rockland Research Corp.) under 3.5 GPa. The
heating temperature of 1400 - 1500 C was maintained for 60 minutes and then was slowly lowered to
800 - 900 C, which was followed by a fast cool to room temperature.

Two sets of single crystals were investigated using magnetization measurements. In the first set,
we collected 10 relatively hexagonal-shaped single crystals [28], with typical dimensions of 200 x 100
X 25 m3 on a substrate without an appreciable magnetic background and with their ¢ axes aligned
perpendicular to the substrate surface. The total volume of the collected single crystals was carefully
calculated based on the images obtained using a polarizing optical microscope (POM). In the second
set, we mounted a shiny and flat, but not hexagonal-shaped single crystal with dimensions of 800 x

300 x 60 m3 on a substrate with its c-axis aligned perpendicular to the substrate surface. The values of

T,

¢ and the transition width AT, determined from the low-field magnetization data were 36.8 K and 1.5
K for the first set and 37.9 K and 0.7 K for the second set, respectively. Regardless of slightly
different values of Tc, these two sets of crystals did not show any significant differences upon further

magnetization analysis.

111. Results and Discussion
The measurement of the reversible magnetization was carried out by using a superconducting
quantum interference device magnetometer (Quantum Design, MPMS-XL). The background
contribution from the paramagnetic substrate at high magnetic fields was properly subtracted by fitting

the magnetization curves with the formula C IT+C, , where C; and C; are constants which linearly
depend on the external field, in the high temperature region of 50 K 7 100 K [31].
Figure 1 shows the zero-field-cooled (ZFC) and field-cooled (FC) magnetizations measured at a

field of 10 G parallel to the c-axis of a MgB, single crystal. The onset of superconducting transition is

at 37.9 K with a transition width AT. ~0.7K. At T=5 K, the value of 4M/H for the ZFC 1s around 3
due to a demagnetization effect. The calculated demagnetization factor is about 0.67, and this large
value is consistent with the plate-like shape of our sample.

Figure 2 shows the temperature dependence of reversible magnetization, 47M(T') | measured mn

the field range 0.5 T H 1.0 T with the field parallelto the c-axis of the sample. The reversible point

was determined from the M (H)data (not shown in this paper) by using the criterion of

[M (H)-M(H +)] = 0.1 G. The curves shift to lower temperatures as the field is increased and
appear to be nearly parallel to each other. This feature is similar to that for a conventional
superconductor [32] and has been observed in infinite-layer SrooLaoCuO; superconductors [33]. The
nearly parallel shift of the magnetization could be understood by means of the Abrikosov model [34],

in which the magnetization increases linearly with the magnetic field. This mean-field behavior
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indicates that the thermal fluctuation effect [35] observed in most cuprate superconductors {31, 36, 37]
1s not significant in this system. Even though the magnetizations, 4nM(T), appear to be nearly

d(4zM)/ dT|

parallel to each other, the calculated slopes, 7, , for a fixed field H depend on the field as

shown in the inset of Fig. 2. The slope decreases to about one third as the magnetic field is increased
from 0.5 T to 1.0 T, which is not expected from the Abrikosov model. This suggests that our data may
deviate from Abrikosov's linear region.

In order to calculate the various thermodynamic parameters characterizing MgB,, we applied
the Hao-Clem model [38] to our magnetization data. This model considers not only the
electromagnetic energy outside of the vortex cores, but also the kinetic and the condensation energy
changes arising from suppression of the order parameter in the core. This variational model permits a
reliable description of the reversible magnetization in the entire mixed state and an accurate

determination of the thermodynamic parameters [31, 36, 39].

In the Hao-Clem model, the reversible magnetization in dimensionless form, 4nM'(H ’), isa

umversal function for a given value of the GL parameter kK and is temperature independent. Here, the
magnetization and the external field are defined as 47M'" = 4nM | \/EH A7)  and
H'= H/\/EHC (T) , respectively [33]. At a fixed temperature, the ratio 4M (H;)/ H (i =12,.)
for the experimental data corresponds to the ratio 47M '/ H' at a certain point on the theoretical curve

for a given & . Through this correspondence, the value of \/EH ¢(T) can be determined from the ratio

H'/H, for each i = 1, 2, If the value of is appropriately chosen, the smallest error in \/EH (T)is
achieved. Using this procedure, we obtained K as a function of temperature in the temperature range

of 19 K T 27K, and its average value, Ko, was 6.4, as shown in the upper inset of Fig. 3. This

nearly temperature independence of has also been observed in many cuprate superconductors [31, 40].

The Hao-Clem fitting yields a universal curve for the 47M (H ) curves with a scaling factor

‘/EH A7) , as shown in the lower inset of Fig. 3, and all the data for different fields nicely collapse

into a single curve. During the Hao-Clem fitting, we also checked the effect of the demagnetization

correction, but since the applied field was much higher than 4nM (H) | the results were hardly
affected.

Figure 3 shows the thermodynamic critical field #Zcversus temperature plot obtained from this
analysis. The solid and the dotted lines represent the temperature dependence of H._ in the BCS model
[41] and the empirical two-fluid model [42], respectively. The BCS result for H(T) yields H(0) -

0.25 Tand 1c =37 K, which correspond to a slope of dH /dT = 0.012 G/K near Tc. By using the
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relation H () = VarH «(T) | we calculated the upper critical field slope as (dH , /dT); = .10

T/K. Since He2(T) for H // ¢ determined from the 47M () data shows a nearly linear behavior near
Te, similar to the previous reports on single crystals [24, 30], we used the

Warthamer-Helfand-Hohenberg (WHH) formula [43] to estimate 7:2(0) | In the WHH formula,
H ,(0)=0.5758(x, / x)T,|dH , / dT|

7. and K,/ is 1.26 and 1.20 in the clean and the dirty limits,
respectively. H ,(0) and £(0) were estimated to be 2.87 T and 10.7 nm in the clean limitand 2.73 T
and 11.0 nm m the dirty limit. These low H,(0) values may be underestimated due to the fact that the
WHH formula considers a weak saturation of ¢z as the temperature approaches zero. The predicted

weak saturation of c2(T) , however, was observed neither in this study nor in previous results for

single crystals down to 5K {24, 44].

Employing the values of H.(T) and Ku obtained from the Hao-Clem fitting, we calculated

2
the magnetic penetration depth, A(T) from the relation (1) =« [¢_o /27H (T)]l , where P is the

flux quantum, as plotted in Fig. 4. The temperature dependence of A has been controversial so far,

and quadratic, linear, and exponential dependences have been reported [18, 45-48]. We tried to fit our

data with the two-fluid model A7) =4(0)/ [1 —(T/ Tc)4J, as shown by the solid line in the figure,

and the optimized fitting curve with A(0) = 93 nm and It =35 K follows our data reasonably well.
Even though the two-fluid model gives a relatively good fit with our data, since MgB, is found

to have two different gaps with different gap values, we should try to fit our AT) data with the

two-gap model. For a system like MgB,, the existence of a larger gap should have a significant impact

on MT) at higher temperatures while the temperature dependence of A for 1 <<71. would be

determined by the smaller gap. Since the temperature region we investigated for the Hao-Clem fitting
1s rather high (T >0.5T; ), we applied the two-gap model [17] to fit our AT) and to estimate 4(0).

Here, the theoretical A(7) was calculated using

(T A2(0)=1- 2[0, j: (~ gf—)Ds (E)dE +(1-¢,) j: (— %)DL (E)dE}

s

E ) ey

where € is a parameter which determines the contribution of the small gap, A, is the small gap, B 1s

the large gap, f is the Fermi-Dirac distribution function, and D(E)=E/ lE PN J The dotted line
in Fig. 4 is a fit to the two-gap model using Eq. (1). This fit is also relatively good over the whole

temperature region investigated, and the parameters are A(0)=g2 nm, ¢/ = 0.14, Ay =23 K, A,=86
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K, and Tc= 36 K. The values of these parameters are in ranges similar to those in Ref. 17. The lower
values of e in the fits with the two-fluid model and the two-gap model may be due to the lack of data

points near T, All the parameters derived from the Hao-Clem model are summarized in Table 1. The
total error of the superconducting parameters obtained from the Hao-Clem fitting, including the error

m measuring the volume of a single crystal, are estimated to be much less than 5%.
IV. Summary

T he reversible magnetization of a MgB; single crystal was measured for magnetic fields up to
1 T with the field parallel to the crystal's c-axis. The reversible magnetization was well described

using the Hao-Clem model. From this analysis, various superconducting parameters, such as the

penetration depth 1(0), the coherence length g (0), the Ginzburg-Landau parameter X (r ), and the

critical fields {H (0 and ch(O)], were derived. In the temperature range we investigated, the

temperature dependence of A4 could be well fitted by using both the two-fluid model and the two-gap

model.
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Fig.1. Temperature dependence of low-field magnetization, 47zM / H | of a MgBs; single crystal for

= 10 G parallel to the crystal's c-axis, T.=379 K, and AT..07K.
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Fig. 2. Temperature dependence of the reversible magnetization, 47M (T') ,inthe fieldrange 0.5 T H
d(4zM)/dT

1.0 Tm 0.1 T steps parallel to the c-axis. Inset: The calculated slope 7, for a fixed field,

H, as a function of the magnetic field. The slope decreases as the magnetic field is increased,

indicating that our data may deviate from Abrikosov's linear region.
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Figure 3 of Kang ef al.
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the temperature dependence of the Ginzburg parameter X (T) extracted from the Hao-Clem model.
K(T) shows a very weak temperature dependence and X« = 6.4. Lower inset: Magnetization,

—4mM’ = _4”M/\/§Hc (T)vs. external magnetic field, H'= H\/EHC (T). The solid line

represents the universal curve derived from the Hao-Clem model using Xav=6.4.
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T, dH,/dT|,  H(0)  H,(0) £ 2

o

®) (T/K) (M) (M (nm) (nm)
2.87b 10.75 93d
37.9a 6.4 0.10 0.25
2.73¢ 11.0¢ 82e

a Low field, b BCS dirty limit, ¢ BCS dirty limit, d Two-fluid model, e Two-gap model

Table 1. Transition temperatureTc, the Ginzburg-Landau parameterX = Alg , the thermodynamic

critical field H.(0) , the upper critical field H,(0) , the coherence length ¢(0), and the penetration
depth A(0) of MgB, derived from the reversible magnetization.
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In this second stage, we synthesize several new superconductors and accomplished several world
leading research output. The first superconductor we would like to mention is the magnesium diboride
(MgB:). While the samples produced by other researchers had been very brittle, like sand, our MgB,,
synthesized under high-pressure conditions (a few GPa), was very hard and dense. While others had
difficulties, we could measure quite a number of the transport properties. In addition, nobody in the
world could produce MgB, thin films, which are essential for superconducting electronic device
application and for the study of basic superconducting properties. We asked ourselves "why people in
the world could not produce MgB; thin films? "Very soon, we had the answer and could synthesize
MgB:; thin films. We immediately applied patterned (Korea, U.S. Germany, British, Japan) and
published papers after papers. These thin films will be used for the superconducting electronic
devices. For example, this thin film can be used for making Josephson Junctions, SQUID,
micro-electronic interconnection, fault current limiters and local superconducting magnet, and filters
used for microwave communication. We also produced MgB, single crystals for the first time in the
world. We are the only group that has synthesized three different forms (high-pressure bulks, thin
films and single crystals) of MgB,.

The second superconductor we produced was an electron-doped cuprate Sri«LnyCuO; (Ln = La,
Gd, Sm) infinite layer superconductor. Despite their importance, these cuprate superconductors are
very difficult to synthesize, and the lack of single-phased compounds with high volume-fractions of
superconductivity hindered research efforts until our recent breakthrough. Using high-pressure (~ 4
GPa) and high-temperature (~ 1000 C) annealing conditions, we were able to routinely achieve
single-phase of these compounds. We are the only group in the world that can produce 100% of these

superconductors.
Finally, we produced various kinds of single crystals, such as Na doped CaCuOCl, T1-2212,

T12201, and RNi;B,C. Quality-wise, these are the worlds best, and only a few groups in the world can

even produce these compounds.
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Microwave surface impedance measurements have proved to be the most sensitive tool to determine
the superconductivity. We used microwave resonator techniques which are most appropriate to be
used for high-precision measurements on superconducting MgB; thin film. The microwave surface
resistance, Rs is an important figure of merit for microwave applications and we found this material
very superior to any known superconductors as far as the microwave applications are concerned. We
believe that MgB, thin films will be used for the superconducting electronic devices. For example, this
thin film can be used for making Josephson Junctions, SQUID, micro-electronic interconnection, fault
current limiters and local superconducting magnet, and filters used for microwave communication. For

this purpose, we studied the several microwave properties of this thin film.

M 6 & Information

Japanese scientists first reported on January, 2001 that magnesium diboride had superconductivity
with a relatively high transition temperature (T.) of 39 K. This report has generated a flurry of activity
in MgB; since then. Studies are now aimed at establishing the mechanism, teasing out possible routes
for boosting the Tc and developing more practical preparation techniques. For the application, we
need this material in a form of thin film. Fortunately we were able to synthesize MgB; thin films for
the first time in the world. The PSC team has reported that our thin films exhibit a sharp T. of 39 K
and can sustain large current densities. This current is record high as far as the superconducting critical
current density is concerned. But lots of details in this material still remain to be studied. For example,
surface morphology, improvement of the critical current densities, investigation of fundamental

mechanism of superconductivity are important research topics we would study in a near future.

Newly discovered novel superconductor, MgB»

Pohang Superconductivity Center (PSC) at Pohang University of Science and Technology
(POSTECH) succeeded in synthesizing the world-best superconducting thin films, which can be used
for developing a fast supercomputer, microwave communications, and magneto encephalogram the
researchers at PSC synthesized magnesium diboride (MgB;) thin films, which exhibit
superconductivity at 39 K or - 234 °C. This research achievement was published in Science, the most

famous American scientific journal. Now it is a time to introduce new novel superconductor, MgB,.
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What is MgB. superconductor?

The magnesium diboridehas been utilized for more than 40 years since its first synthesis in 1953,
but its superconductivity was discovered very recently, January 2001.

This MgB; is used for obtaining elemental boron in chemical company, and this material of
several kilograms is easily available commercially. Scientists are astonished by the news that this
ordinary material has a superconducting transition temperature of 39 K, 15K higher than that of
Nb3Ge which had shown the highest Tc among metallic superconductors ever discovered. Fourteen
years later, since the discovery of the cuprate superconductors with the highest transition temperature
of 140 K, why does this material with a transition temperature of 39 K amaze people?

Firstly, we can find an answer from a BCS theory, for which Bardeen, Cooper, and Schriffer won
a Nobel Prize in 1972. Based on this theory, the highest possible temperature for superconductivity
was expected to be not higher than 30 K, but the MgB, compound exceeded this limit. Therefore,
from the point of view of physics, we need to investigate the characteristics of this material and unveil
the new physical laws in this material.

Secondly, this compound has a very simple structure and a good chemical stability, and is easily
supphed since it is abundant not only in natural resources but also in seawater. While a cuprate
superconductor is composed of more than four elements so that the synthesis and the chemical
structure are so complicated, this is not the case of MgB,. In addition, there is no problem of
superconductivity degradation due to environment. Once an electronic device is manufactured out of
this material, it is semi permanent because its characteristics and quality remain the same in hundred
years. Therefore, MgB, compound is the key to overcome the delicate difficulties in synthesis and
chemical stability that the éuprate superconductors have, and furthermore to resolve the relatively
more difficult problem of resources.

Thirdly, the superconducting transition temperature is much higher than those of conventional
superconductors. This transition temperature is high enough to reach easily by using a simple
electrical Helium gas refrigerator, not by expensive liquid Helium, so that the potential of application
is unlimited. Suppose that we use superconducting devices in communicators for communication. If
we need to keep the devices at low temperature by pouring liquid Helium, the maintenance is
extreamly laborious and costly, and even more when the communicators are in the middle of a vast
expanse of desert or on the top of high peaks deep in mountains. However, it would be enormously
beneficial, if it is possible to maintain the communicators by using a cryostat of electrical refrigerator,
instead.

Fourth, MgB, compounds can carry superconducting currents more than any other
superconductor can do. Up to now, it is revealed that there appears no resistance until the current of

forty millions Ampere per 1 cm’ area flows. In other words, through an electrical line one centimeter
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in diameter we can transmit electricity that is consumed in the whole city of Seoul, without energy
loss. Therefore, utilizing this superconductor, we can save plenty of electrical energy that is otherwise
dissipated into heat in copper cables during electrical transmission.

Fifthly, there are many expectations for the new physics to be revealed in future. The secrets of
this superconductor, which were revealed only for a few months since the research begun in earnest,
are the tip of the iceberg, and plenty of secrets remain to be investigated near future. So, nobody can
predict how much its potential for application would be. Even for now, scientists also expect that this
material can be used for microwave communication and superconducting digital devices.

If the number of the base stations for communication can be reduced ten or hundred times by
using this material, the retrenchment of expenditure will be great. Especially, as a country is large in
size such as the United States or the Australia, many base stations should be spread, and
superconducting base stations will be of considerable merit. Moreover, since a superconducting device
can speed up the internet communication more than one thousand times, the research on this new
superconductor is a matter of urgent.

One of the intriguing properties of this material is being somewhat metallic. This material has as
high hole density as the free electrons of a normal metal, so the electrical conductivity is considerably
high. We expect that this property will enables overcoming several weak points that the cuprate
superconductors have. Also, we expect that the wires can be manufactured out of the compound with
ease, and so the extensive research on its application is awaited. Since tremendous progress is being
made in this research field, other applications of this superconductor are expected to be possible in

near future.

57



— & N o
2|8 T 4
—~ N RIS 27T
Mo |8 1 E | »
To > N o
X ~ Ll MM o — o~ n.M.O
o | o o " T
3 s |7 -
. A % ol <
K| oW | fim 1l - =
Rl O | fm 2 t o 2
e
ol T mw < o | o )
Jl o 7_.._ o ~ ﬁa
T E|w ma X
« Tle | R X
~ SRES Sy R
T WE B w
In o P | =
oL T = ~ |~ B N Ly
< = Mo | o o |9 = e
o 1 o S : .
B E S| TS 5w | ®O af
~ = ! 2 " - —
In A w | AR NG R B T
AR EIE-R |~ B il T
%0 e S B = > = =
s ZIM| B w Eﬂa aw ¥ ™
= 15 & il W
z Sle BlelBRe | =5 R ot
» el Bl N T It BN N I o e N il
=N L..E7:|1|ﬂ.%u. B - —
HeTleTE2EEEE FE 0 O A
, ) ﬂ [ o wir .
o | % ® o | o | B % i+ o o
— 5 7 =)

58



O 7L S S
AT A3 &-8AgA
L A7EE 2 g
N2 2ATAE ML e, 1% 712 2 3§ A7 719 3o
2 AT5ZI BHATFEAY7HA)
7} EHAEAN) 5 ARES
B E—ﬁ‘]:ﬂ——lﬂa = E:ﬂ_%;{} B\—Dﬂ;{]‘ B
Brodw X :‘1 o 15! _ [ ? [+ =
SRR sAEsHs | 29EDAA| (@U) | TOT
1020010014042 | 2001. 3. 19 Clen
A% vpadlg Bool=
(MgBy)uteh o A=Wy 5 0205654.7 2002. 03. 11 e
I AA
B9, o4
(Superconducting Magnesium 10/097,975 2002. 03. 15 Hon, 287 v =
Diboride thin film and TR
method and apparatus for 2002-69018 2002. 03. 13 SR
fabricating the same)
10212126.5 2002. 03. 19 =9
|
GoEEAA 2 2R A%
Sl |
S AHA A = AAY 3 el | % 3| o
_\?_
Evidence for Nodal
Quasiparticles in the The
Phys. Rev.| Nonmagnetic Superconductor 90(17), | American
Lett. YN1,B,C via 2003/5/2 177001 Physics USA- | 5CI
Field-Angle-Dependent Heat Society
Capacity
Anomalous Coherence Peak in The
Phys. Rev.| the Microwave Conductivity of 91(12), | American
) SCI
Lett. c-Axis Oriented MgB, Thin 2003/9/19 127006 | Physics USA
Films Society

59




Pair-Breaking and

The

Phys. Rev. . 2003/12/3| 91(26), | American
. A | SCI
Lett. ]S)upercgndgctlx;f ;tate Recovery 1 267002 | Physics uUsS
ynamics in MgB, Society
Superconducting transition and The
uperconducti nsition .
Phys. Rev. . . 67(1), American
- A | SCI
B phase diagram of single-crystal | 2003/1/1 012505 | Physics US
Mng .
Society
The
Phys. Rev.| Coherence lengths and anisotropy 67(2), American
. SA | SCI
B in MgB: superconductor 20037171 020507 | Physics v
Society
The
Phonon structure in I-V .
Phys. Rev. . . 67(2), American
B characteristic of MgB, point 2003/1/1 024517 | Physics USA | SCI
contacts .
Society
The
Local threshold field for .
Phys. Rev.| endritic instability in 2003/271 | 870 | American | yq ) g
B uperconducting MgB, fil 064513 | Physics
superconducting MgB, films Society
Superconducting fluctuation The
Phys. Rev.| probed by in-plane and 67(14), | American
B out-of-plane conductivities in 2003/471 144502 | Physics USA 1 5Cl
T1,Ba,CaCuOs.y single crystals Society
Angle-resolved soft x-ray The
Phys. Rev.| spectroscopy study of the 67(17), | American
B electronic states of single-crystal 20037571 174519 | Physics USA | 5C1
MgB, Society
The
Phys. Rev.| Pair-breaking critical current 68(6), American
B density of magnesium diboride 2003/8/1 064516 | Physics USA - 5C1
Society
The
X-ray absorption and optical .
Phys. Rev.
ys. Rev spectroscopy studies of 2003/9/1 6809); Ameflcan USA | SCI
B 092505 | Physics
(Mg 1 .xAlx)Bz .
Society
The
Critical flux pinning and .
Phys. .
ys. Rev enhanced upper critical field in | 2003/9/1 68(10), Ameflcan USA | SCI
B . o 100503 | Physics
magnesium diboride films .
Society

60




Magnetic relaxation in

The

Phys. Rev.| T|;Ba,CaCu;Os single crystals by 68(13), | American
2 / ) SA | SCI
B SQUID magnetometer and 003/1071 134413 | Physics v
micro-Hall sensor Society
The
Surface contribution to the .
Phys. Rev. Al
YS: BV superconducting properties of | 2003/11/1 68(17), | American | ;o\ | gey
B MeB, sinele crvstal 172502 | Physics
g5 gle crystals Society
Peak anomaly and irreversible 384
Physica C | magnetization in T1,Ba,CaCu,Os | 2003/2/1 4 11’ 418 Elsevier | Holland| SCI
single crystals
Growth of superconducting 385
Physica C | MgB, thin films via 2003 " 3’0 Elsevier | Holland| SCI
postannealing techniques
. Superconducting phase diagram 385, .
Ph .
ysica C of single-crystal MgB, 2003/3/1 154-161 Elsevier | Holland| SCI
Directional scanning tunneling 385, .
Ph . I
ysica C spectroscopy in MgB, 2003/3/1 215-220 Elsevier | Holland| SC
Effect of interface pinning on
dissipation, volume pinning force 385(3)
Physica C | and measurement of upper 2003/3/15 > | Elsevier | Holland| SCI
. . : 313-321
critical magnetic field in MgB,
thin films
Magnetic relaxation measurement 385
Physica C | of the infinite-layer 2003/4/1 ’ Elsevier | Holland} SCI
555-562
superconductor Srgglae;CuO,
. Superconducting phase diagram 387, .
Ph lland
ysica C of single crystal MgB, 2003 137142 Elsevier | Holland| SCI
Physica C | Thermoelectric power of MgB, | 2003/5/15 gf;’ 120 Elsevier | Holland} SCI
. Momentum-dependent scanning 389 .
Ph C ) . ’ El lland I
ysiea tunneling spectroscopy in MgB; 200375 141-142 sevier | Holland| SC
. Mixed-state magnetoresistance of 391(2), .
Ph land| SCI
ysica C | xis-oriented MgB; thin fims | 200>/ 8/13| 119,124 | Blsevier | Hollan
Effect of the magnetic moments
. of Gd on the superconductivity 391(4), .
Physica C in the infinite-layer 2003/9/15 319.325 Elsevier | Holland| SCI
superconductor Sr9Gdo.CuO;
Two-band superconductivity and 327
Physica B | the effect of pressure in 2003/4 43 8’ 442 Elsevier | Holland| SCI

Ho; -nyxNi zBZC

61




. Institut
Supercond MgB,: directional tunnelling and 16, nStite
Scl. two-band erconductivi 2003/2/1 156-161 of UK ) 5Cl
Technol. sup v Physics
Supercond.| Quasiparticle state density on the 16 Institute
Sci. surface of superconducting thin | 2003/2/1 ) 617-170 of UK | SCI
Technol. | films of MgB, Physics
Supercond. . . . Institute
Si. U,ppfr cnt‘fall ;}’agnet‘c fields i | 50037211 12; log | of UK | scl
Technol. smgle crystal Mgbs Physics
Supercond.| Synthesis of c-axis-oriented 16 Institute
Sci. MgB; thin films and the Hall 2003/2/1 23’7 240 of UK | SCI
Technol. | effect Physics
Supercond.| Interplay of dendritic avalanches 16 Institute
Sci. and gradual flux penetration in | 2003/5/1 5 6,6 570 of UK | SCI
Technol. superconducting MgB, films Physics
Study of the Electron-Phonon
Modemn | | eraction in Metal Diborides 17(10-12)| World
n in a -
Physi 2 U.S.A | SC1
Lei’;‘sB MeB2 (Me = Zr, Nb, Ta, Mg) | 200 657-666 | Scientific
by Point-Contact Spectroscopy
J. of the | Studies of the Korean
Korean Pressure-Dependent 43(2), .
1
Physical Superconducting States of 2003 263-268 }S)};Ziséca] Korea | S5C
Society HoNi;B,C and DyNi,B,C R4
Low Elastic constants of borocarbides. 20(1) ;A:;;;zf:n
Temp. New approach to acoustic 2003/1 ’ U.S.A. | SCI
. 72-76 of
Phys. Measurement technique .
Physics
Journal of | Scanming Tunneling
Low Spectroscopic Studies of the 131(3/4), | Plenum
temperatur | Pairing State of Cuprate 2003/5 435-444 Publishing) U.S.A. 1 SCI
. Co.
e Physics | Superconductors
Journal of | Effects of Substituting Ni and Plenum
Low Zn for Cu in the Electron 131(3/4), .
temperatur | Doped SrosLag,CuO; 2003/5 | 635.629 | Publishing| U.S.A. 1 SCI
. Co.
e Physics | Superconductor
J 1 of| .
ch)li;na © High Critical Current Density of 13165 Plenum
c-Axis-Oriented MgB2 Thin 2003/6 (5), Publishing| U.S.A.| SCI
temperatur | _. 1025-1031
) Films Co.
e Physics
Journal of Plenum
Low Observation of Hall Scaling in 131(5) -
2003/ ’ lish US.A. SCI
temperatur | MgB2 Thin Films 003/6 1075-1084 Publishing
. Co.
¢ Physics

62




J 1 of
ch)\i;'/na © Transport and Magnetic 131(5/6) Plenum
Properties in MgB2 Single 2003/6 (5/6), Publishing| U.S.A.{ SCI
temperatur Crvstals 1117-1127 Co
e Physics Y '
Journal of o
Low Effect of Al Substitution on the 131(5/6 Plenum
Mg Sites in Mgl1B2 Prepared 2003/6 (5/6), Publishing| U.S.A.| SCI
temperatur ) .. 1165-1173
. Under High-Pressure Conditions Co.
¢ Physics
Journal of | Pressure Effect on the
Low Coexistence of Magneti d 131(5/6 Plenum
oc ot Maghetism and 500376 (5/6), | publishing| U.S.A. | SCI
temperatur | Superconductivity in 1181-1186 Co
e Physics | Hol-xDyxNi2B2C '
Journal of Plenum
Low Phase Diagram of Single Crystal 131(5/6) -
’ S.A. | SCI
temperatur | MgB2 2003/6 | |537.1244| Publishing| US.A.1 S
. Co.
¢ Physics
IEEE
T ti
n;ar(l)srz:c %) Effects of Small Magnetic Fields 1302
, on the Critical Current of Thin | 2003/6 (2), IEEE U.S.A | SCI
Applied ) 3699-3701
Films
Supercond
uctivity
{n;g?lil;na Flux Dynamics and Vortex 17
of Modern Phase Diagram in 2003/8/10 3453 3426 Ingenta UK | SCI
) T12Ba2CaCu208 System
Physics B
Inernationa
1 Journal | Origin of Diversified Transport 17,
of Modern| Properties of MgB2 2003/8/10 3672-3674 Ingenta UK scl
Physics B
I ti
ln;(r)zerlnl;na Photo induced Conductivity 17
of Modern Iliyl/namlcs Studies of MgB2 Thin| 2003/8/10 3675-3631 Ingenta UK | SCI
Physics B Hms
The
Strongly Correlated s-Wave .
Phys. Rev. . 88(22), | American
Lett. Supe-rconductlwty in the N-Type | 2002/6/3 227002(4) | Physics USA | SCI
Infinite-Layer Cuprate .
} Society
The
Phys. Rev.| Two-Band Superconductivity in | 2002 89(18), | American UsA | scr
Lett. MgB. /10/28 187002(4) | Physics
Society

63




The

Applied Ferromagnetic properties of 80(24) American
. . 2002/6/17 : USA | SCI
phys. lett. | Zn,xMnxO epitaxial thin films 4561(3) | Physics
‘ Society
Apphed Current-induced dendritic The
) 80(24) | Ameri
physics | magnetic instability in 2002/6/17| S04 enean il usa | sa
letters ducting MgB, films 4588(3) | Physics
superconducting MgB, film Society
The
Spectroscopic Evidence for .
Phys. Rev. . . A
vs. Rev Anisotropic S-Wave Pairing 2002/1/1 65(1), MENA | ysa | sl
B Symmetry in MeB 012505(4) | Physics
ymmetry g2 Society
The
Effect of pressure on the .
Phys. Rev. . . A
ys. Bev superconductivity and magnetism | 2002/1/1 6502), megcan USA | SCI
B . 024520(6) | Physics
of HO].XDnylzBQC .
Society
The
Phys. Rev.| Giant persistent currents in the 65(3) American
’ I
B open Aharonov-Bohm rings 200271715 033305(4) | Physics USA | S€
Society
Phys. Rev Far-infrared transmission studies 65(5 ihe ca
S V| of c-axis oriented 200221 | %50 TeNeAl ]l usa | sa
B . . 052413(4) | Physics
superconducting MgB, thin film :
Society
Suppression of superconducting The
Phys. Rev.| ~ . A
v Bev critical current density by small | 2002/2/1 65(6), MEeAn s ysa | scr
B . ) ; . 064512(5) | Physics
flux jumps in MgB; Thin Films .
Society
Phys. Rev.| Superconducting properties of 65(10), X:::erican
’ ’ A | SCI
B well-shaped MgB; single crystal 2002/3/1 5)100510( Physics us
Society
The
Phys. Rev.| Hall effect in c-axis-oriented 65(13), | American
B MgB, thin films 2002/4/1 134508(4) | Physics USA | 8¢
Society
Substitution for Cu in the
electron-doped infinite-layer The
Phys. . i i Ameri
ys. Rev superconductor Stoglag;CuQ, Ni | 2002/5/1 6517), ef“’an USA | SCI
B ] . 172501(4) | Physics
kills superconductivity faster than .
Society

Zn

64




Phys.

Rev.

Structural and superconducting

65(17),

The
American

2002/5 . USA | SCI
B properties of MgB, <Bex 002/5/1 172503(4) | Physics
Society
The
Universal scaling of the Hall :
Phys. Rev. e 65(18) American
’ A | SCI
B res1s‘[1v1t}:i mt MgB.; 2002/5/1 184520(4) | Physics US S
superconductors Society
The
Anisotropy of critical current :
Phys. Rev. o L 65(21) American
-axis- ’ SA | SCI
B dgns1ty in c-axis-oriented MgB, | 2002/6/1 214521(5) | Physics U
thin films .
Society
Complicated nature of the gap The
Phys. Rev.| in MgB,: 65(22) American
. . 2002/6/1 ’ . USA | SCI
B Magnetic-field-dependent optical o 224519(4) | Physics
studies. Society
Gap anisotropy, spin fluctuations, The
Phys. Rev.| and normal-state properties of 65(22), | American
B the electron-doped 2002/6/1 224520(7) | Physics USA | 5c
superconductor Sroolag CuO, Society
The
Phys. Rev.| Magnetization and Microwave 66(1) American
2 ’ USA | SCI
B Study of Superconducting MgB> 002171 014505(7) | Physics
Society
Phys. Rev Mg as a main source for the 66(2), 11:; can
B s ‘| diverse magnetotransport 2002/7/1 | RO20506( Physirés USA | SCI
properties of MgB, 4) Society
The
Reflection of a two-gap nature .
Phys. Rev.
S BV in penetration-depth 2002/8/1 | $8(6), | American |y ) gy
B 064511(5) | Physics
measurements of MgB, film .
Society
Energy gap, penetration depth,
and surface resistance of MgB, The
Phys. Rev.| ~ = . 66(10), | American
fil ’
B th?n ilms determined by 2002/9/1 104521(6) | Physics USA | SCI
microwave resonator .
Society
measurements
I-V characteristic measurements The
Phys. Rev.| to study the nature of the vortex 66(10) American
e 2/ ’ . USA | SCI
B state and dissipation in MgB, 200291 104525(5) | Physics
thin films Society

65




The
Phys. Rev.| Equilibrium magngﬂzatmn of 2002/10/1 66(13), Ameflcan USA | sCI
B T1,Ba;,CaCu,0Os+5 single crystals 134508(5) | Physics
Society
The
Phys. Rev.| Fluctuation study of the specific 66(13) American
2 ’ USA | SCI
B heat of M;i1B; 2002/10/1 134515(5) | Physics
Society
The
Phys. Rev.| Photoemission and x-ray 66(17) American
2 ’ USA | SCI
B absorption study of MgC,Nis 2002/11/1 172507(4) | Physics S
Society
Anisotropy of the upper critical 66(18), | 10
Phys. Rev. ’ | Ameri
Y5 BV field and critical current in 2002/11/1) R180502(| o v ot | USA | SCI
B single crystal MgB 4) Physics
ingie crys E%2 Society
The
Phys. Rev.| Magnetic relaxation in 66(18) American
2002 ’ USA | SCI
B T1;Ba,CaCu,0s single crystals 002/11/1 184509(8) | Physics
Society
Microstructure and pinning The
i
Phys. Rev. ' Ameri
ys. Rev properties of hexagonal-disc 2002/11/1 66(18), meflcan USA | SCI
B shaped sinel stalline MeB 184519(5) | Physics
p ingle crystalline MgB, Society
Anisotropy and reversible The
Phys. Rev.| magnetization of the 66(21) American
g ’ . A | SCI
B infinite-layer superconductor 200271271 214509(5) | Physics Us
Sro¢Lag 1Cu0; Society
Synthesis and pinning properties 166
Physica C | of the infinite-layer 2002/2/1 ’ Elsevier | Holland| SCI
299-305
superconductor SrosLag CuO,
Investigating the pairing state of
Physica C | CUPrate superconductors via 1,0 5 367, Elsevier | Holland| SCI
quasiparticle tunneling and spin 174-180
njetion.
. Origin of dendritic flux patterns 369 .
Ph C ’
ysica in MgB, films 2002/3/15 93-96 Elsevier | Holland| SCI
Negligible effect of grain 370
Physica C | boundaries on the supercurrent | 2002/4/1 13 i 6 Elsevier | Holland| SCI
density in polycrystalline MgB,
Microwave measurement of 372.376
Physica C | energy gap and penetration depth| 2002/8/1 = | Elsevier | Holland| SCI
. 1283-1286
of MgB, thin film

66




Effects of unreacted Mg 377
Physica C | impurities on the transport 2002/8/15 21 2’ 5 Elsevier | Holland{ SCI
properties of MgB,
Growth and transport properties
2002/10/1 - .
Physica C | of c-axis-oriented MgB, thin 0021071 378-381, Elsevier | Holland| SCI
5 1246-1251
films
J. Korean | T rt Properties of i 40(3) Korean
. ranspo s of c-axis ) .
h 1 SCI
Phys. Soc.| oriented MgB; Thin Films 200273 416-420 P y_sma Korea
Society
Korean
J. Korean | Fluctuation of Superconductivity 40(5), .
02 Ph K SCI
Phys. Soc.| in MgB; 20025 | 949951 | Physical orea
Society
Superconducting energy gap American
JETP distribution in c-axis oriented 75(5), Institute
2002/ US.A.| SCI
Letters MgB; thin film from point 00273725 238-241 | of
contact study Physics
Three-dimensional
Solid State| superconductivity in the 123
Communic | infinite-layer compound 2002/7/1 17 é() Elsevier | Holland| SCI
ations Sroslag1CuO; m entire region
below Tc
Sing. J. Superconducting properties of 2002 18(1), Aingga SOl
Phys. c-axis oriented MgB, thin films 59-65 pore
Europhys. | Dendritic magnetic instability in 59(4), EDP .
2/ tal SCI
Lett. superconducting MgB, films 2002/8/15 599-605 | Sciences Italia
Progress Korean
n Hall effect in electron-doped 4(1), 2002/10/ | Supercon Korea
Supercond | SrgoLagCuO; superconductors 32-36 31 ductivity
uctivity Society
Journal of
Supercond | Effects of Small Fields on the
uctivity: Magnetic Response of 15(5),
2 lland 1
Incorporati | Superconducting Thin Films of 2002/10 479-482 Kluwer Holland) SC
ng Novel | MgB;
Magnetism
1 ti
ln;:::;)lna Mg as a Main Source for the 16
of Modern I]))lverls:i M?)%nle\:/’;ot;ansport 2002/8/1 3185-3188 Ingenta UK | SCI
Physics B | PO1eS g5
MgB, superconducting thin films 92
Science with a transition temperature of | 2001/5/25 1521-1523 Science U.S.A | SCI
39 Kelvin

67




High current-carrying capability

The

Phys. Rev.| 11 c-axis-oriented 2001/8/20| 37®). | Ameriean | ;¢ 4 sy
Lett. : . 087002 | Physics
superconducting MgB; thin films. .
Society
The
Optical Properties of c-Axis .
Phys. Rev. : . 2001/12/3| 87(27) American
’ S.A.| SC
Lett Qnented Superconducting MgB, | 277001(4) | Physics uSs 1
Films .
Society
The
Effect of sintering temperature :
Appl. 2 A
PP under high pressure in the 2001/6/25] (S26) | American | ;¢\ | gy
Phys. Lett. su ductivity for MeB 4157(3) | Physics
perconcu v g5 Society
The
Hole carrier in MgB, .
Appl. A
bp characterized by Hall 2001/813] 27 MEneAn | 5 SA. | SCI
Phys. Lett. 982(3) Physics
Measurements ;
Society
The
Evidence for nonexistence of .
Phys. Rev. . . 63(9) American
B supercor.lduchlty in an isolated | 2001/3/1 092507(4) | Physics US.A. | SCI
CuO; bilayer .
Society
Vortex Interaction in a The
Phys. Rev.| . . 63(13) American
B .fmlte.-smed array of Josephson 2001/4/1 132501(4) | Physics US.A | SCI
junctions ,
Society
The
Two-dimensional nature of
Phys. Rev. 63(13) American
B four-layer cuprate 2001/4/1 134513(5) | Physics U.S.A | SC1
superconductors .
Society
The
Phys. Rev.| Magnetism and superconductivity 63(14), | American .
B in Y1xbxNi,B,C single crystals 20017471 144528(7) | Physics US.A | 8Cl
Society
The
Prominent bulk pinning effect in .
Phys. Rev. . 64(1) American
B the newly discovered MgB, 2001/71 012511(4) | Physics U.S.A | SCI
superconductor .
Society
The
Phys. Rev.| X-ray Photoemission Study of 64(5) American
’ US.A | SCI
B MgB, 20017871 052510(4) | Physics ¢
Society

68




Magnetic relaxation and critical

The

Phys. Rev. . . 64(13) American
’ S.A | SCI
B ;111rrent density of MgB, thin 2001/10/1 134505(5) | Physics U.S
s Society
Temperature-and
magnetic-field-dependent 153
Physica C | resistivity of MgB; sintered at 2001/5/15 162-166 Elsevier | Holland| SCI
high-temperature and
high-pressure condition
High-pressure synthesis of the 364-365
Physica C | homogeneous infinite-layer 2001/11/1 > | Elsevier | Holland| SCI
225-227
superconductor Sroslao;CuO;
. Superconductivity of Four-layer 364-365, .
Ph C 011 El Holland| SCI
ysica HeBa;Ca:CiOrona 20 1/1 228231 sevier ollan
Optical Phonons of
. Superconducting Infinite-Layer 364-365, .
Ph C 01/1 El Holland| SCI
ysiea C | Compounds SrosLng,CuOs(Ln = | 200V c2g 631 | Elsevier | Hollan
La and Sm)
Evidence for
electron-doped(n-type)
Solid State| superconductivity in the 118(7) )
1/ El Holland| SCI
Comm. infinite-layer (Sroslag;)CuO, 2001/5/22 367-370 sevier oflan
compound by X-ray absortion
near-edge spectroscopy
Supercond. . . Institute
Sei. ]f?lendrltlc flux patterns in MgB, 2001/9 ;;1:5 12 of vk | sci
Technol. s i Physics
Supercond. Hllgltl-resolgtlon trapsmlssmn . 14 Institute
Sci. electron microscopic observation 2001/9/25 1% of UK | scl
of highly dense MgB, 880-883 .
Technol. Physics
Superconductors
Chem. Anisotropic superconductivity in 343 .
’ El lland} SCI
Phys. Lett.| epitaxial MgB, films 200178710 447-451 sevier | Hollan
J. Phys.: | X-ray photoemission study of 13 Institute
Condens. | the infinite-layer cuprate 2001/8/16 79,’77 1985 of UK | SCI
Matter superconductor SrogLagCuQ, Physics
J. of th
Ko(r)ean © Optical properties of RNi,B,C 39(2) Korean
Physical (R=Y, Lu, Ho,Er) Intermetallic 2001/8 406 4,08 Physical Korea | SCI
Society Borocarbide superconductors Society
Current Synthesis and characterization of 12-3)
Applied the infinite-layer superconductor ’ 2001/8 Elsevier | Holland| SCI
. 157-161
Physics SrosLag 1Cu0;

69




Current High-pressure sintering of highly 1(4-5)

Applied dense of MgB, and its unique 2001/11/1 177 33’1 Elsevier | Holland| SCI
Physics pinning properties

Journal of .

Magnetism Penetration depth measurements

and in HoNi;B,C: competition 20015 | 229230 | Eievier | Holland| SCI

. between superconducting and 301-303
Magnetic etic order
Materials | 28"

Journal of
the . ) Physical
. Specific Heat of Field-dependent 70(10) .

i 1 ’ f SCI
Physical |\ emetic Orderings in HoNi;B,C| 200110 | 3037.3041 | SO°iety of| Japan
society of Japan
Japan
Progress | Domination of glassy and Korean
in ﬂu;tua.’uon'behawor over Fhermal 2001 3(D), Supejrc'on Korea
Supercond | activation in vortex state in 23-27 ductivity
uctivity MgB; thin film Society
P K

TOBTess Temperature and magnetic field orean
m ) ) 3(1), Supercon
dependent optical properties of | 2001 . Korea
Supercond , ) 31-35 ductivity
superconducting MgB; thin film .
uctivity Society
Al 119 A
ostese wE A7
dad s 3 o Za AR Ea-Riie
=GR
7th M2S-RIO . . ¥ %1000 9
May 25-30 Superconductivity of MgB, thin film and )
2003 (RIO DE JANEIRO, 1 i A 23=
e crysta
BRAZIL) smele ery e A%
TR
AMN-1 . .
Feb 2-14 ) Superconductivity of MgB; thin film and | =¥ 4} 4=4} =}
(Wellington, New . .
2003 Single crystal 23500
Zealand)
Jan 16-21 New3SC-4 Superconductivity of MgB, thin film and | =¥} A} 4= A2}
2003 (San Diego, USA) single crystal Tl X500 9
Dec 11-13
2002 RAIMO2 (IITM, India) | New Superconductor MgB, 1000 &

70




Coexistence of superconductivity and

Oct 2-4 ISAMM '02 R ‘
. magnetism in intermetallic 200 =
2002 (Halong Bay, Vietnam) .
superconductor Hoy.xDyNi;B2C
APCTP-ICTP Joint
Conference on o i
Sep 25-28 Superconductivity of MgB; thin film and | =844 2}
Condensed-Matter ) ] . o
2002 ) single crystal Invited Talk 3150 3
Physics
(Pohang, Korea)
Aug 13-18 MOS2002 Superconducting Properties of MgB, = A AR}
2002 (Hsinchu, Taiwan) Single Crystal 31000 =
Conference of
Superconducting and o L
Jul 8-11 . . Superconductivity of MgB; thin film
Related Oxides: Physics i 4000 =
2002 ) ) and single crystal
and Nanoengineering V
(Seattle, Washington)
International workshop o .
Jun 17-19 .| Superconductivity of MgB; thin film and
on Superconductivity in | 80
2002 single crystal
MgB; (Genoa, Italy)
May 8-10 TSM & QFS 2002 e A AR
Y Q . Q. Superconductivity of MgB, thin films - ° I
2002 (Yonsei Uni, Korea) F3200 8
Mar 18-22 APS March meeting | Growth and superconductivity of MgB, 5000
2002 (Indianapolis, IN) thin film and single crystal Invited Talk °
Nov 26-28 EASSE2001 Superconducting Properties of 100 ©
2001 (Sendai, Japan) Well-Shaped MgB; Single Crystal
Korean-Japanese
Sep 2-4 International Superconducting properties of Well 100 ©
2001 Workshop shaped MgB, single crystal °
(Spring 8, Japan)
May 11 QTSM & QFS 2001 High Pressure synthesis of highly-dense 200
2001 (DongKuk Uni., Korea) | MgB; and its unique pinning properties °
APS 2001 March meeting ) o
Mar 12-16 . ) Superconducting Hole carrier in MgB,
MgB; special session ) 8000 #
2001 characterised by Hall Measurements
(Seattle, USA)
Jan 15-19 New 3SC conference, | Superconductivity of Four-layer 500 o
2001 (Hawaii, USA) HgBa,Ca;CuyO10+4 °
A 19 3)

71




M2 ZAE B2 MgB2 EW WEEE 27, vhojazst F4d &8 % 27

2L 245 992l MgBZ ¥4 Ax:E 23, HeE quality factor 9 3F4E dolyjojof

5. 71l a3}

The recent discovery of superconductivity in magnesium diboride(MgB,) having a
superconducting transition temperature (Tc) of approximately thirty nine degrees Kelvin(39K)
introduced a new, simple binary intermetallic superconductor having three atoms per formula unit.
MgB; has a Tc that is higher by almost a factor of two of any known non-oxide and non-C60-based
compound. Measurements of the boron isotope effect in MgB,, which is an indication of the extent
to which phonon mediate superconductivity, and consistent with the superconductivity being
mediated via electron-photon coupling. Measurements of the upper critical filed, Hc2(T), the
‘thermodynamic critical field, Hec (T), and the critical current, Jc, indicate that MgB; 1s a type-II
superconductor with properties that are consistent with an intermetallic superconductor that has a Tc
of approximately 40K.

It is believed that MgB, forms via a process of diffusion of magnesium (Mg) vapor into boron
grains. Superconducting wire, tape, and film can be used for research and applied purposes. For
example, superconducting wire can be used for making superconduction magnets, fault-current
himiters, and for power transmission. Films can be used to make Josephson junction, SQUIDS
(superconducting quantum interference devices), micro-electronic interconnects and other devices.
The films can also be used to coat microwave cavities and other objects.

It 1s an object of the instant invention to provide a method of manufacturing magnesium diboride

wires, tapes, and films. It is a further object of the instant invention to provide a method of
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manufacturing magnesium diboride wire using boron filaments and films using boron films.

In view of the above objects, it is an object of the instant invention to provide a method of
manufacturing magnesium diboride wire and films utilizing simple cost effective techniques.

In accordance with an embodiment of the instant invention, a method of manufacturing
magnesium diboride wire or film comprises the steps of exposing boron filaments, tape, or film to
Mg vapor for a predetermined time and temperature to form MgB; wire, tape or film, removing the
formed MgB, wire, tape or film from the Mg vapor, and either quenching the MgB, wire, tape or
film to near ambient temperatures or quenching the reaction vessel to near ambient temperatures and

removing the Mg B2wire, tape or film from the reaction vessel.
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