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ABSTRACT

The recent discovery of ‘new’ high T, superconductors has caused uncertainities
as to which features of the crystal structure the experimentalist should be looking at.
To assist Thai experimentalists who are interested or are beginning to do research in
this field, a review of the experimental work done prior to March 1988 is presented.

I. INTRODUCTION

The 1987 Nobel Prize in Physics was awarded to J.G. Bednorz and K.A. Miiller
for their discovery of high temperature superconductivity in the cupric oxide ceramics
(with T, of 35 K). Their first paper,! entitled, ‘‘Possible High T, Superconductivity
in the Ba-La-Cu-O System’’, did not attract much interest at the time nor was its significance
recognized by most physicists. For example, nobody paid much attention to a remark
made by Professor Dr. H. Kamimura (University of Tokyo) in his talk at the First
Regional Workshop on TOPICS IN SEMICONDUCTOR PHYSICS held at Chulalongkorn
University, Bangkok, Thailand, Jan. 5-8, 1987, before the news reports of Chu’s discovery
of 90 K superconductivity in the popular press in February. In a side remark, Prof.
Kamimura mentioned that the people at the University of Toyko were working on a
high temperature superconductor which had a layered structure. The present author
remembers Prof. Kamimura putting one finger to his lips saying that this was a secret.
His remarks were quickly forgotten and do not appear anywhere in the minutes of
this workshop. Only three other groups became actively interested in what had been
done by Bednorz and Miiller, the University of Tokyo team of Tanaka, the Chinese
team of Zhao, and Chu and the Chinese expatriate team in the United States.
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The almost simultaneous announcements of 90 K superconductivity in the
Y-Ba-Cu-O ceramic compounds by Chu et al.2 by Hikami et al. 3and by Zhao et al?
changed this lack of appreciation of Bednorz and Miiller’s discovery. In the frenetic
period between the February news report in the New York Times newspaper® and
publication of Chu’s paper in Physical Review Letters,2 almost every experimental
superconductivity laboratory in the world sought to duplicate the results. Since Chu
had not given the composition of the superconductor in the newspaper, everyone had
to essentially discover the composition for themselves. By mentioning only one minor
thing (the need for internal pressure) in the news article, Chu had provided enough
information for those who knew something about the field to fabricate their own high
T, superconductors. By the time of the March 1987 meeting of the American Physics
Society in New York, enough work had been done to justify a special session devoted
to high temperature superconductors. News reportsé of this session mentioned that several
thousand scientist packed the meeting room and that the discussions lasted until three
o’clock in the morning. Since then, an unenumerable number of meetings and articles
in the popular press have been devoted to the subject. It is estimated that over 20,000
scientists are working in the field. These include physicists, chemists, material scientists
and engineers. There are even high school students working in the field.

In all of this excitement, a lot of things have been said in both the popular
press’ and in the scientific journals. Much of what has been said is ‘‘hype’’ and some
is just plain nonsense. It has been suggested that the new high temperature superconductors
will shortly lead to the use of magnetically levitated trains, loss-less transmission of
electricity, superconducting wiring in one-water supercomputers and superconducting
power generation. Most of these applications will occur only after many problems associated
with the new materials are solved. In a report of the US Department of Energy,? it
was concluded that it would take at least twelve years to overcome the ‘‘formidable
material science and engineering problems” of the new materials.

Recently (within the last three months, to be specific), a menageric of new
high temperature superconductors have been discovered. Many of these new systems
do not have the features of the ‘old’ high T_ superconductors which were thought
to be important to the physics of the superconductivity in the materials. This has caused
a re-thinking in the field. The editors of the Journal of Science Society of Thailand
have chosen this opportunity to present a review of the present (experimental) state
of the physics of the high temperature superconductors (as of March 1988).

II. 2-1-4 COMPOUNDS

A. Composition and Structure

In the paper,! “‘Possible High T, Superconductivity in the Ba-La-Cu-O System”’,
Bednorz and Miiller reported that the resistivity of a multiphase ceramic Ba, Lag,
Cus, Og_y started to decrease drastically at about 35 K. Since perfect diamagnetism
and not perfect conductivity is the true signature of superconductivity, they could only
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point to the possibility of superconductivity in their compound. In a later paper,® they
showed that the observed phenomenoma was in fact superconductivity. Subsequently,
Uchida et al.!0 and Takagi et al.!! showed that the layered perovskite K,NiF, structure
phase of the three phases seen in ref. 1 was the superconducting phase. Later, Chu
et al.'2 found that the T, of these superconductors could be increased to 52 K by applying
pressures above 1.2 GPa. Most of the data in these reports indicated that the onset
of superconductvity in the ceramics was granular in nature.

Transition temperatures above 35 K could also be achieved by replacing the barium
by strontium. Cava et al.!3 reported that the highest transition temperature in the La,
Sry, CuOy4_ series was 36 K for x=0.2 and that superconductivity in these ceramics
was bulk in nature. Politis et al.!# was able to achieve a T, of 40 K in a single phase
La, g Sry, CuO, ceramic. Politis et al. showed that superconducting oxides have a
tetragonal structure belonging to the space group I 4/mmm similar to the K, NiF,.
Replacement of strontium (barium) by calcium resulted in the lowering of the transition
temperature.!> Replacement of some of the copper ions in this compound also caused
a lowering of the transition temperature.16

As we have mentioned, Cava et al.!3 found the structure of the La-Sr-Cu-O
systems to be tetragonal (K,NiF, type) at room temperature. This structure can be
thought of as alternation along the c-axis of layers of perovskite (CuO;) and rocksalt
(La or Sr-O) structure types. The perovskite layers consist of corner sharing CuQg
octahedra that are slightly elongated along the c-axis. Each perovskite layer is shifted
relative to the next so that the copper sites in one CuO, layer are aligned with the
oxygens in the next. More detailed structural analysis based on neutron diffraction
studies!” and single crystal X-ray diffractometer studies!® reveal that a
tetragonal-to-orthorhombic phase transition occurs at 180 K. Current thinking is that
the orthorhombic distortion results from a Peierls 2kg instability or a soft zone-boundary
phonon mode.

B. Measured Properties
i. Energy Gap

As in ‘“‘conventional’’ superconductors, one of the most important characteristic
of the high T, superconductors is its energy gap (which should not be confused with
the order parameter). A gap arises in the density of states of the quasi particles involved
in the normal-to-superconducting phase transition when the normal phase particles within
the gap undergo a Bose Einstein condensation. This occurs regardless of the mechanism
responsible for the pairing. Gough et al.!® has shown that the condensate pair contains
two electronic charges (note that we have not said that condensate pair contains two
electrons).

Since the states within the energy gap are not available for absorbing energy
via the normal interaction mechanisms, gaps in the infrared absorption and tunneling
spectrums should reveal the size of the energy gaps in the La-Ba (Sr, Ca)-Cu-O
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superconductors. By fitting the far infrared reflectance to the Bardeen-Mattis expression
for the FIR (derived for ‘‘conventional’’ superconductors), several investigators have found
a range of values for the ratio 2 A / kg T, (A being the energy gap at T = 0K)
which depends on several extrinsic properties of the 2-1-4 superconductors such as the
grain geometry. Sulewski et al.20 found the ratio to be 2.6 ; Bonn et al?! to be 3.2 ; while
Schlesinger et al.22 obtained a distribution of values having an average of 3.6 which
is close to the conventional Bardeen-Cooper-Schrieffer (BCS) prediction. The tunneling
data of Kirtley et al.23 gave a ratio of 4.5, while the data of Pan et al.24 gives a
ratio of 7. Walter et al.?> and Sherwin et al.26 have pointed out that temperature
dependence of the energy gap obtained by fit of the data to the BCS expressions is
similar to that predicted by the BCS theory, and van Bentum et al.?? found that the
measured I-V curves of a tunneling junction containing the La-Sr-Cu-O superconductor
is described ‘neatly’ by a simple tunneling expression using the BCS expression for
the density of states for the super-conductor.

Measurement of the specific heat of a ‘“‘conventional’’ superconductor also gives
the size of the energy gap. In addition, the conventional BCS theory makes predictions
about the size of the specific heat jump at T, which can be used to differentiate
between weak coupling superconductors and strong coupling superconductors. (To be
able to discuss superconductivity meaningfullly, one must also know about the Elaishberg
formulation of superconductivity.28) Complicating the task of measuring the specific
heat jump in the high T. superconductor is the need to remove the lattice vibration
contribution to the specific heat. At the transition temperatures of the ‘‘conventional’’
superconductors, the lattice contribution is almost negligible and so the measured specific
heat is the electronic specific heat which is of interest to the theory of superconductivity.
In the high temperature superconductors, the lattice contribution to the measured specific
heat is the dominant one. Assumptions about the lattice specific heat must be made
so that it can be substracted to obtain the electronic component of the specific heat.
Difficulties can arise if wrong assumptions are made. Wenger et al.29 report that there
is no specific heat jump at T, of a La,g Bay, CuO,4, superconductor. In a sample
with the same composition, Nieva et al.3% find that 8C(T)/T, = 33 mJ/mol K and
that C(T) exhibits a linear temperature dependence at low temperatures. Reeves et al.3!
obtain a value of 39 mJ/mol K2 for this compound and a value of 71 mJ/mol K2
for a La; g5 Bay s CuO, compound. Dunlap et al.3? has also measured the specific
heat of the latter compound. They find the jump to be 20 mJ/mol K2. Estimating
the value of the normal phase electronic heat capacity 7, they find that the ratio § C(T )/T,
places their sample into the strong coupling category of superconductors.

As we have mentioned already, assumptions about the lattice specific heat have
to be made. The usual assumption is that the ceramic is a Debye solid. Ultrasonic
studies done on these superconductors indicate that there are complications to this
picture. Bourne et al.33 and others34 find that a soft phonon mode opens up near
200 K. Below 100 K, Fossheim et al.35 see a stiffening of the lattice. This is reflected
in the observation of a decrease in the sound velocity between 20 K and 100 K.36
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Before we leave the topic of the specific heat, it should be mentioned that
Nieva et al.30 observed a linear temperature dependence in the specific heat of the
La-Sr-Cu-O superconductor at low temperature. This linear dependence was also seen
in La-Ba-Cu-O superconductors by Kumagai et al.3” Since a linear temperature dependence
is counter to the prediction of the conventional BCS theory and is predicated by the
RVB (resonant valence bond) theory of high T_ superconductivity of Anderson,38 Zou
and Anderson3® quote the existence of the linear T dependence of Cp as proof of
their theory. Alternative explanations exist however, the most convincing being the existence
of two level systems in ceramic compounds.%0

il. Magnetic Properties

The next most characteristic property of any superconductor is its response
to a magnetic field. The classification of any superconductor as a Type I or II
superconductor is based on its magnetic behavior. Aeppli et al.4! and Wappling et al.42
found that the penetration depth in La, g5 Srg5 CuO, is around 2500 °A, which leads
to a carrier density of the order 1022 cm ~3. The above penetration depth along with the
values of coherence lengths of these superconductors (30-50 °A43) place the high T,
superconductors into the extreme Type II category.

This allows the physicists to use the Ginzberg-Laudau theory** to treat the
possible presence of N-S interfaces in these ceramic compounds. As was pointed out
earlier, the initial measurements had indicated that the onset of superconductivity in
the La-Ba(Sr)-Cu-O ceramics was granular in nature. This has led to the modelling
of the superconducting phase as an array of Josephson junction with special interface
conditions. Magnetization studies*5#62 have indicated that the flux pinning for fields
above 20 mT (milli Telsa) is very low, which makes these superconductors useful for
microelectronic application.

Since La-Ba(Sr)-Cu-O is a Type II superconductor, it has two critical fields
B, (T) and B, (T). (A third critical field also exists, the field at which surface
superconductivity vanishes.) Renker et al.46® find that the upper critical field B, at
T = 0 K is 50 T while Orlando et al.#”7 obtain a value of 58 T. The lower critical
field B, the field at which the magnetic field lines begin to penetrate into the
superconductor, is 20 mT. The highest critical current measured is 105-10% °A/cm?2 48
All of the measurements indicate that these properties are highly anisotropic.

iii. Properties which Elucidate the Mechanicisms Responsible for
Superconductivity

In addition to the measurements of properties which characterize the materials,
other measurements have to be done to e¢lucidate the mechanisms responsible for
superconductivity in the ceramics. Foremost of these measurements is the measure
of the isotope effect. A dependence of the transition temperatures of the conventional
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superconductors on the mass of the nucleus (T, ~ M-05) would point to the
electron-phonon interaction being the mechanism responsible for superconductivity in
the conventional systems. Many people have taken the existence or non-existence of
the isotope effect in the La-Ba(Sr)-Cu-O superconductor as proof that the electron-phonon
interaction is or is not the responsible mechanism. Batlogg et al.4% and Faltens et
al. 5% have observed the isotope effect in La, g5 Sry,s CuO, superconductor. The transition
temperatures were observed to vary as M016 when 190 was replaced by 130. Bourne
et al.3! have pointed out that the absence of the isotope effect or a value of « (in
M~ %) much lower than 0.5 does not necessarily indicate a dominant role for the phonon
mediated pairing mechanism. The isotope effect could be masked by the strong coupling
effects or other interaction mechanisms which might be present.

Mattheiss2 has calculated the band structure of the La, , X, CuO, compounds.
He finds the half filled Cu(3d)-O(2p) band to be two dimensional in nature with a
nearly square Fermi surface. His calculations predict the Peierls instability seen by Stavola
et al.53 There is good agreement between his calculations and those calculated by others.>4
The calculated band structure agrees with those determined from XPS measurements’3
and from inverse photoemission spectroscopy studies.’® However, the agreement between
the calculations and the x-ray absorption near edge structure studies®’ are bad. We
have mentioned the agreements and disagreements because Matthias’ results have been
used by Weber?® to calculate the electron-phonon interaction in these ceramics. Using
first principle calculations based on the Eliashberg formulation,28 Weber calculates T,
of the La-Ba-Cu-O ceramics to be in the range of 30-40 K.

The discovery of an antiferromagnetic phase transition in the parent La, CuO,,
ceramic at 220 K, has led many to believe that superconductivity in the La-(Ba,Sr)-Cu-O
ceramics is due to some mechanism other than the electron-phonon interaction.
Anderson® argues that the same mechanism responsible for the antiferromagnetic
transition is responsible for the superconducting transition. This has led many scientists
to describe the Cu-O layer in these ceramics as a two dimensional Hubbard layer®!
since the Hamiltonain for the two dimensional Hubbard model will lead to
antiferromagnetism under certain conditions. Furthermore, it can be shown that this
Hamiltonian can give rise to an attractive interaction.62

Since the Hubbard Hamiltonian cannot determine a priori the nature of the
excitations present, ie., the dependence of the density of states on the presence of
Cu?* and Cu3* ions in the layers, the role of the oxygen vacancies, the strength of
the Cu-O bond or what the carriers are, these inputs to the theory must be determined
experimentally. Xanes studies®? point to the presence of both Cu2+ and Cu3+* ions
in La, , (Sr,Ba), CuO,. Photoemission studies® indicate that the carriers are the oxygen
p holes. Other studies®S point to the oxygen vacancies being determined by the Sr2+
concentration. In turn many of the properties of the ceramics show a dependence on
the oxygen vacancies.%
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III. 1.2.3 COMPOUNDS
A. Composition and Structure

The real excitement about high T_. superconductivity began with the almost
simultaneous announcement of 90 K superconductivity in Y-Ba-Cu-O ceramics by Chu
et al.,2 Hikami et al.3 and Zhao et al.* Unlike the low key announcement by Bednorz
and Muiiller,the discovery of the 90 K superconductor was heralded in the popular press
as one of the discovery of the centuries which would cause a technological revolution.
Notwithstanding the ‘hype’ surrounding the discovery of the 90 K superconductors,
the importance of this discovery is due to the fact that liquid nitrogen can be used
to achieve the temperatures required for the ceramic to go superconducting. The
La-(Ba,Sr)-Cu-O superconductors discovered by Bednorz and Miilier still required the
use of liquid helium to achieve the necessary operating temperatures. Most of the early
press reports emphasized the savings that would occur when liquid nitrogen is used
instead of liquid helium. Now, it is reported that the savings obtained would only
be a few percent.®’ Furthermore, the need to have better vacuums for operation at
77 K would offset the above savings.

The real importance of the discovery of high T superconducting ceramics lies
in the fact that ‘new physics’ is needed. It appears that the structure of the superconducting
phase (the original Y-Ba-Cu-O ceramic obtained by Chu et al.2 contained several
phases: a black phase which is the superconducting one, and a green phase which does not
occur in Nature. The phase which became superconducting was identified by Muromachi
et al.%8 Using a Rietveld analysis of the X-ray powder diffraction patterns, Izumi et
al.%® identified the crystal structure of the superconducting phase to be orthorhombic
(with a = 3.8857 °A, b = 3.8267 °A and ¢ = 11.681 °A) belonging to the space group
Pmmm. Similar analyses’? of single-crystal X-ray diffraction patterns have yielded values
for the bond lengths and angles. An alternative structure has been suggested by Reller
et al.”! The relative merits of the two proposed structures have been discussed by
Gupta et al.’? and Katano and Matsumoto.”® Katano and Matsumoto have pointed
out that while the structure proposed by Reller et al. would reproduce the observed
X-ray diffraction patterns, the structure would not yield the single crystal neutron diffraction
patterns seen by them and by Yan et al.” You et al.’’ also pointed out that their
single crystal neutron diffraction patterns are not consistent with Reller’s structure. The
powder neutron diffraction patterns observed by Francois et al.’®, by Cox et al.”’ and
others 7880 are consistent with the structure proposed by Izumi et al.78

The structure of YBa, Cuy O, is based on a triple perovskite structure obtained
if ion atoms also surround the Yttrium ions (along the axis connecting the copper
ions). The resulting chemical compound would be YBa, Cu;Oy and we would have
three layers of distorted CuO octahedron in each unit cell. Since these oxygen ions
are missing, we would have YBa, Cuj Og (each one of these ions are shared by four
unit cells and so we get a minus 1/4th from each of these missing ions). The absence
of these ions leads to the formation of two layers of pyramidal structures whose basal
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planes sandwich the layer of yttrium ions. Combined thermogravimetric and X-ray
studies®! show that the oxygen ions on the ‘@’ axis (the differentiation of the ‘a’ and
‘b’ axis occurs after the removal of the oxygen ion) between the Cu ions in the middle
copper layer are the first to leave as the ceramic is being heated. The absence of these
O ions causes the distortion3? which leads to the orthorhombic structure occurring in
these ceramics. Since each of these oxygen ions are shared by two unit cells, their
absence leads to the chemical composition YBa,Cu; O,. In these composition compounds,
one has a layer containing linear chains of Cu-O occurring along the ‘b’ axis sandwiched
between two 2-dimensional Cu-O layers. Removal of additional oxygen ions from the
‘b’ axis linking the Cu ions on the middle copper layer results in the composition
YBa, Cu; O,,. If enough oxygen ions are removed from these sites, a structural transition
in a tetragonal phase occurs and superconductivity disappears.83-85 The positions of
the oxygen vacancies have been determined by neutron diffraction8¢ and by X-ray
diffraction®’.

The importance of the oxygen vacancies to superconductivity has been emphasized
by several groups3%87 and so the rate and means by which the oxygen atoms enter
or leave the ceramic while it is being fabricated are extremely important to the achievement
of good quality superconductors. Using thermogravimetric analysis (TGA) at a heating
rate of 1 °C/min, Steinfink et al.®finds that YBa, Cu; O, initially absorbs oxygen
for T between 220 °C and 325 °C (no evolution of gas is seen for T below 220 °C).
It then loses oxygen at a nearly constant rate as T is increased to 900 °C. Upon cooling,
the oxygen content increases monotonically from 900 °C down to room temperature.
Additional TGA studies 87-91.92 indicate that the rate of oxygen absorption depends on
the partial pressure of the oxygen surrounding the ceramic as it is being annealed and
as it is being cooled down to room temperature. A slow rate of cooling is necessary
to insure that the oxygen atoms, once they are absorbed into the superstructure, have
enough time to diffuse uniformly into the structure. Otherwise, the tetragonal-orthorhombic
structural transition, which usually takes place around 750 °C, will not occur and we
would be left with a non superconducting tetragonal specimen.93.94

The tetragonal-orthorhombic transition is accomplished by a shear.95 If the
transition is not uniform, strains are created in the ceramic. These strains may give
rise to the twin-boundaries seen.%-98 The twinning planes are along the''® direction
and are 90 °C twins with the ‘@’ axis becoming ‘b’ axis and vice versa across the
boundary. The thickness of the twin layers appear to be different for each sample.
Van Tendeloo et al.%6 find the thickness to be 600 °A while Pande et al.%7 see an average
thickness of 1000 °A in their sample. Pande et al. also finds that the twin layers disappear
when the sample is heated up to 400 °C but reappears upon cooling. It has been
suggested by many that these twin boundaries are responsible for the granular nature
of the superconductivity. Garcia et al.%8 and others 99-10! believe that these boundaries
act as weak links, leading to a network of Josephsen junctions. Fang et al.192 have
suggested that ‘localized’ superconductivity nucleates at the grain boundaries at
temperatures close to T..
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In addition to the tetragonal-orthorhombic transition at 750 °C and the transition
to twin boundary phase at 400 K, it is believed that other structural transitions occur
in the Y-Ba-Cu-O ceramics. Ultrasonic attenuation data!03.104 indicate possible structural
changes near 250 K, 160 K and just above T.. Evidence of these structural transitions
was also seen in thermal analysis studies by He et al.!04 Zhang et al.105 have identified
a change in the symmetry (Pmmm-to-Pmm2) at 234 K. This transition is thought to
involve a rotation of the oxygen octahedron and the consequent loss of a mirror plane.
The nature of the possible transition at 160 K has not been identified but it may
be connected to the onset of granular superconductivity at 160 K seen by Cai et al.!0!
Some confusion about a possible structural transition close to or at T_ exists. Horn
et al.1% report that there is an anomaly in the orthorhombic splitting, b-a, near the
superconducting transition. It would appear that a and b unit cell lengths respond
differently to the superconducting transition. David et al.!%7 report that their neutron
powder diffraction data do not indicate the presence of the large anomaly in the
orthorhombic strain at T, seen by Horn et al.106 Khachaturyan et al. 108109 have developed
a theory which predicts that at low temperatures the orthorhombic structure undergoes
a phase transition into a state in which both the tetragonal and orthorhombic structures
coexist. In ref. 109, some experimental evidence for this predicted transition is given.

B. Dimensionality

There has been much discussion on the role of dimensionality in the
superconductivity of the high T, ceramics. Kresin!l® and Kresin and Wolf!!! argue that
many of the properties of the high T_ superconductors can be understood on the basis
of the low dimensionality of these ceramics. It was argued that the two dimensional
integrations of the integral expressions for many superconductive properties yield numerical
values close to those observed. Also it was argued that the use of two dimensional
phasmoms modes in the equations for T, yield results which could account for the
high T_s observed. However, Freitas et al. 112 believe that their resistivity measurements
indicate that superconductivity in the high T_ superconductors are 3-D in nature. This
is opposite to the conclusion of Ausloos and Laurent.!!3 The latter believe that the
superconductivity in the high T, superconductors are 2-D in nature. Better measurements!14
even indicate that in some temperature regions, 1-D superconductivity occurs.

As is evident from the Sections on the structures of the 2-1-4 and 1-2-3 compounds,
the structure of the 2-1-4 compounds is built up from two layers of CuOg octahedron
while that of the 1-2-3 compounds is built up from one layer of CuOg octahedron
sandwiched between two layers of CuO, pyramid, whose basal plane is adjacent to
the yttrium layer. The basal CuO plane in the 1-2-3 compounds and the CuO planes
formed by the copper ions and oxygen ions in between the copper ions in a single
octahedron layer form a two dimensional array of copper and oxygen ions. The absence
of the oxygen ions along the ‘a’ axis connecting the copper ions in the middle (octahedron)
layer of the 1-2-3 leads to the appearance of one dimensional Cu-O chains in the
‘b’ direction.
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The presence of the one dimensional chain was thought at one time as being
crucial to the phenomenon of high T_s. It was believed that the main reason for the
difference in the T.s of the 1-2-3 superconductors (90 K superconductors) and the
2-1-4 superconductors (30-40 K superconductors) was the presence of the one-dimensional
chain. By quenching the Y-Ba-Cu-O pellets after they have been heat annealed at
temperatures above 600 °C, several groups?3:94115-117 found that the tetragonal phase
of the ceramic would remain at the lower temperatures. Since this phase is non
superconducting and since the main difference between this phase and the orthorhombic
(superconducting) phase is the presence of the linear Cu-O chain along the ‘b’ axis
in the middle Cu-O plane, they believed that the existence of superconductivity in the
orthorhombic phase is due to the presence of the linear chain. This belief was reinforced
by the observation that, as random vacancies were introduced into the chain, the transition
temperature T, dropped drastically. Cava et al.!!® and Werder et al.!!® found that when
the oxygen vacancies along the linear chain in YBa, Cu; O,, (03 < x < 04) is
ordered, the sample has a T. of 60 K. Evidence for the one dimensional chain being
responsible for the superconductivity in YBa, Cu; O,, was seen in the behavior of
the normal state resistivity by Park et al 120

Bates and Eldridge!2! have calculated the frequencies of the 36 vibrational modes
of the thirteen atoms of the orthorhombic unit cell of the YBa, Cu; O4, compound.
A simple valence bond force field was used to calculate the 16 force constants used
in their calculations and so their results are not very accurate. Of the 36 vibrational
modes present, 21 of them are infrared active and 15 are Raman active. The Raman
active modes are of species Ag, By, and Bj,. All the modes above 500 cm™! are assigned
to the stretching of the Cu-O bonds. The modes in the frequency range 400 to 550
cm’! are due to the stretching of either the Ba-O or Y-O bonds. Simultaneous motion
of two ions bonded to a common ion would result in a higher frequency mode. The
vibration of the O(2)-Cu(1)-O(2) group against the Cu(2) layers would give rise to a
mode at 254 cm-l Experimentally, however, this mode appears at 310 cm™! and shows
that calculations are very rough.

Experimentally, ten Raman active phonon modes are seen!22 at 153, 217, 291,
309, 335, 441, 493, 506, 601 and 640 cm'l. The mode at 335 cm™! exhibits anomalous
behavior. Above T, it increases in frequency as the temperature is lowered while below
T., the frequency shift changes sign as the mode begins to soften. The mode at 644
cm’! (the 640 cm'! mode of ref. 121) disappears at T = 234 K.195 This mode is also
interesting in that it is missing in the tetragonal phase of ytterium compounds.!23 For
this phase, Burns er al.!?* have identified all the modes seen with those predicted by
group theory arguments. The mode at 644 cm’! is therefore thought to arise from the
Cu-O vibrations in the one dimensional chain. It is expected that additional Raman
active modes should appear as oxygen vacancies are created and that Raman spectroscopy
can be used to characterize the oxygen stoichiometry of high T, superconductors. 123
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C. Measured Properties

i. Energy Gap

The value of the superconducting energy gap as determined from tunneling
studies varies greatly. Crommie et al.!26 measured the gap at 4.2 K and 77 K. Extrapolating
the value of the gap to T = 0 K, they obtained 2 A\ (0)/kg T = 3.9 with a temperature
dependence consistent with the Bardeen-Cooper-Schrieffer theory. Kirk et al.!2” however,
obtained a value of 13 with the gap having a value of 50 meV. Moreland et al.!?8
obtained a gap value of 19.5 * 1 meV, leading to a ratio value of 4.8. This latter
figure was also obtained by Hohn et al.'2% and Barone et al.!30 This value is within

the range expected of a strong coupling superconductor.28

As with the La-(Ba,Sr)-Cu-O superconductors, the value of the energy gap can
also be obtained from the infrared reflectivity measurements. Fitting the reflectivity
data on polycrystalline samples of YBa, Cu; O, to the Bardeen-Mattis formula, values
of between 2.5 to 4.513134 were obtained for 2A (0)/kg T,. In spite of the warning!33
of experimentalists that the differences in the values of the energy gap determined
by different means were probably due to artifacts in the experimental situations, several
theorists!36:137 have attempted to explain the differences as being a natural consequence
of their theories. Further measurements performed on epitaxial films!3® and on single
crystal specimens!3? have clearly shown that the lower values of the energy gap determined
from the reflectivity data are indeed experimental artifacts. Collins et al.13% obtained
a value 2 /A(0) = (4.7+t1.2)kg T, for an epitaxial film in which the c-axis is primarily
aligned perpendicular to the film surface. Reflectivity measurements performed on single
crystal specimens with the electric field in the a-b plane gave a ratio value of 8.139
Schlesinger et al.!39 attributes the difference between the epitaxial film result and the
single crystal results to the presence of c-axis reflectivity in the measured reflectivity
from the epitaxial film (the slight misalignment of the c-axis in the epitaxial film causing
some c-axis reflection).

ii. Magnetic Properties

As is well known, the Meissner effect is the exclusion of the component of
the magnetic field normal to the surface of the superconductor. When the magnetic
field is tangent to the surface however, there are magnetic field lines (parallel to the
surface) lying inside the superconducting region. The depth to which the magnetic field
lines penetrate into the superconductor helps to determine whether the superconductor
is a type 1 or II superconductor. When some of the magnetic field lines normal to
the surface bunch up, the magnetic flux created by them can be high enough to destroy
the superconductivity in the region below. In type I superconductors, the regions which
go normal are in the form of layers and so we have a S-N-5-.....S-N-S laminar structure.
In a type II superconductor, the normal regions are tubular and are called vortices.
In the ‘“‘conventional’’ superconductors, these vortices form into a triangular array. Many
of the useful magnetic properties depend on how the normal regions respond to external
perturbations.
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Felici et al.1%0 was the first to determine directly the penetration depths of
the high T superconductors. By looking at the reflection of spin-polarized slow neutrons,
they found for YBa, Cu, 0O, _,,a penetration depth of 225 * 75 °A at 4.8 K with
an applied field of 350 Oe. This value is much lower than the values obtained by
applying ‘‘conventional’’ interpretation to the behavior of the magnetization and other
properties of the high T_ superconductors. Perez-Ramirez et al.l4! obtained a value
of 485 °A by looking at the slope of the magnetization curves ; Cooper et al.!*?obtained
a range of values between 600 °A and 730 °A ; while Harshman et al.!43 obtained
a value of 1400 °A. This latter value is the most quoted value.l44 Combining any of
these values with the values of the coherence length (12 °A - 10 °A), we will find
that the Ginzburg-Landau criterion places the high T superconductor, YBa, Cu,
O, into the extreme type II category. One should expect to see a vortex structure
when these superconductors are in the mixed state. Gammel et al.l45 have seen a
hexagonally correlated vortex structure. The flux enclosed within the vortices was determined
to be hc/2e (h being the Planck constant) and is the same as in ‘‘conventional’’ type
IT superconductors.

Lest one thinks that the high T, superconductors behave magnetically the same
as the “‘conventional’’ superconductors, it should be mentioned that the temperature
dependence of penetration depths is not exactly BCS-like. While Harshman et al, 43
report that the penetration depths follow the prediction of the BCS theory, Cooper
et al.1%2 report that at low temperatures, the temperature dependence deviates from
the BCS prediction and follows instead a T2 dependence. This deviation from the BCS
predicted behavior at low temperatures is also seen in many other properties!46 and
may or may not be important.

Perez-Ramirez et al.!4! found that the field lines begin to penetrate into a single
phase specimen at a field strength of 750 Gauss (thus H, = 750 G) and that bulk
superconductivity disappeared at H,, = 880 kG. The thermodynamic critical field H,
was determined to be 23.4 kG. For their specimen, Felici er al.l%0 found that
H 600 * 100 Oe. Other values have been reported. Bezinge et al.l47 obtained
Hy = 20 mT and H; = 300 T ; Drumbeller et al.'*8 obtained H, = 300 Oe. Sun
et al.'¥ obtained H, = 750 kOe. The wide range of reported values for the critical
fields has been shown to be due to the multi crystalline nature of the specimens studied.

cl

Measurements carried out on single crystal specimens have shown that these
properties are highly anisotropic. It has been shown!30-152 that the critical fields for
the fields applied parallel to the orthorhombic ¢ axis are at least 20 times larger than
the critical fields with the applied field in the a-b plane. McGuire ef al.!3 found that
H, = 4000 Oe for H parallel to the ‘c’ axis and was 200 Oe for H perpendicular
to ‘c’. Worthington et al.!15! have measured the lower critical field at 4.5 K and found
that H,, (parallel) = 0.5 T and H (perpendicular) < 0.005 T. They have calculated
H,, (parallel) to be 140 T and H_, (perpendicular) to be 29 T. Moodera et al.152 have
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found that H, (parallel) = 62 T and H,, (perpendicular) = 256 T. Many other
measurements!53-155 of the slopes of the critical fields versus temperature show the
strongly anisotropic nature of the ceramic superconductors.

In the mixed state of any type II  superconductor, movement of the fluxiods
(the tubes of normal phase material) would lead to energy dissipation and possible
destruction of the superconductivity. Since the fluxiods are formed at low field strengths
(20 mT), measurements of the critical current density (the current density strengthwhich
causes the movement of the fluxiods) have been carried out. Like the critical fields,
the critical current densities are highly anisotropic, with the larger current densities
for flows in the a-b plane. Dinger et al.1’¢ found that at 4.5 K and low fields, J.
(para) = 3.2 x 106 °A/cm? and J (per) = 1.6 x 10° °A/cm2. As the temperature or

field strength is increased, the critical currents decrease with the anisotropy still present.
At T = 40 K, the larger current density dropped to 1.7 x 106 °A/cm? while at

60 K, J. dropped to 4.2 X 104 °A/cm2. Similar values were also reported by
Schneemeyer et al.!? and by Crabtree et al.!5® for their single crystal specimens.
Chaudhari et al.'5? reported that the critical current densities in epitaxial films of YBa,
Cu; O, are similar in value to those of the single crystal specimens. At 77 K, they
obtained a maximum J_. of 105°A/cm? for flow perpendicular to the ‘c’ axis.

These large values of the critical currents should be contrasted with the low
values reported for polycrystalline specimens. Laborde et al. 160 obtained J, = 1100 °A/cm?
at 77 K ; Leider and Feile!®! obtained J. = 250 °A/cm? at 77 K while Ji et al.162
obtained J, = 336 °A/cm2 at 78 K. Since many of the commerical applications of
superconductors require high current densities (superconducting magnets require high
currents in order to obtain the strong fields and the interconnections between devices
on computer chips require current densities of the order 106 °A/cm267), several studies
have been made on ways to increase the critical current value in the polycrystalline
specimens. By melt textured growth of the ceramic, specimens having J. = 7.5 x 103
°A/cm? have been obtained.!63 The value of J_ given by Ji et al.162 was for a sample
which had undergone some additional heat treatment. The starting specimens had a
J. of 23-32 °A/cm2. The most promising method for increasing J. is by neutron
irradiation. By irradiating a specimen with 8.16 x 10'7 n/cm? (fast neutrons), the critical
current density has been increased by a factor of 2.4.164 A similar increase of J_. was
also observed by Cost et al.!65 who also found that the critical current density increased
monotonically with increased fluence up to some limiting fluence. For fluences above
10'8 n/cm?2, the critical current densities begin to drop.166 This drop is accompanied
by a decrease in the critical temperature. Several of these studies report that the
resistivity of the ceramic superconductors increases with increase in fluence.

iii. Properties which might Elucidate the Mechanisms Responsible for
Superconductivity in the Ceramic Superconductors

The existence of the isotope effect in YBa, Cuy O;, is a matter of
controversy.!67-169 Bourne et al.'’® and Batlogg et al.!’! were not able to detect any
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shift of the transition temperature T, when 160 was replaced by 130. Bourne’s study
differed from that of Batlogg’s study in that the exchange of the oxygen in the former’s
study was carried out at 950 °C, while the exchange of oxygen in the latter’s study
was done at 500 °C. This meant that the oxygen exchange was occurring in the tetragonal
phase in Bourne’s experiment, while the exchange was occurring in the orthorhombic
phase in Batlogg’s study. Grimsditch’s argument!6” that the preferential substitution
of the oxygen atoms on to certain sites may leave the O4 sites still occupied by the
160 atoms is not applicable to Bourne’s experiment, since neither the O4 nor OS5 sites
are occupied at 950 °C. The O4 sites become occupied as the temperature decreases
as diffusion of oxygen ions from the sites on the Cu-O layers (occupied by 180 atoms)
occur. We would thus expect the O4 sites in the orthorhombic phase to be occupied
by the 180 atoms.

When the copper atoms in the ceramic were replaced by 63Cu or 65Cu atoms,
no shift in T, was seen either.’172 No isotope effect was seen when barium isotopes
were substituted. It would appear that the isotope effect does not exist in the high
T, YBa, Cuy O, superconductors and that the electron-phonon interaction has no
role in the superconductivity of these systems. Bourne et al.5! has pointed out that
it would still be possible for the electron-phonon interaction to have a role since the
coulomb repulsion effects might mask the dependence of T, on the mass dependent
electron-phonon interaction. This could explain why the isotope effect>® in the
La-(Sr,Ba)-Cu-O is much less than that predicted by the BCS theory.

Leary et al.!73 mentioned that Bourne et al.!7 had expected an isotope shift
of several degrees and so they compared the value of T s of specimens which had
undergone different processing conditions. To truly test for the existence of the isotope
effect, Leary et al. compared the T, s of specimens which had been subjected to almost
identical processing. In this way, they were able to establish an isotope shift of M-0.004,
However, the existence of such a small isotope effect can not be taken as proof that
the electron-phonon interaction is primarily responsible for superconductivity since several
other theories!’4!75 also predict a small isotope effect.

In the absence of a clear indication of what mechanism is responsible for the
superconductivity in the YBa, Cuy O, and related compounds, investigations of the
vibrational modes occurring in these compounds and of the electronic structures of
the compounds have been carried out. Using positron annihilation measurements, far
infrared conductivity measurements, Raman and other spectroscopic techniques,
investigators have looked for changes in the intensities of the excitation modes, and
in the electronic structure as the compound undergoes the superconducting transition.
Positron life time studies!?6177 indicate that the electron density at the oxygen vacancies
increases as the compound goes superconducting. Zhu et al. 178 interpret this as an
enhancement of the covalent character of the electrons while Wang et al.!’® interpret
the results in terms of localization of the positron in the lattice distortions. Smedskjaer
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et al.'80 have pointed out that the behavior would be consistent with the BCS theory
if the energy band had a small dispersion which crosses the Fermi surface.

Another reason for investigating the electronic structure of the YBa, Cu; O,
compounds was to determine the ratio between the number of Cu2* and Cu3* ions.
In initial investigations of the La-Ba-Cu-O superconductors, much attention was paid
to this ratio!8! since it was believed that charge fluctuation on the copper ions was
necessary for superconductivity to occur.!-38182 However, evidences for the presence of
both Cu?* and Cu3* are somewhat conflicting.

Lyte et al.!83 propose evidence for both typesof copper ions in his x-ray-absorption
near-edge structure (XANES) data. Crozier et al.,!34 however, believe that the peak
in the XANES data taken to be evidence for the Cu3+ ion is due to interference effects
and should not taken as evidence for the presence of this ion in the system. X-ray
photoemission spectra (XPS) studies!85-187 also indicate that Cu3* ions are not present
in the yttrium compounds. There is however evidence in the XPS data for oxygen
dimerization and the presence of Cul* ions!86-18%a5 the compound goes superconducting.
The valence (charge) fluctuations which are believed to be important to the
superconductivity in the ceramic superconductors are between the Cu d!10 O p5 apg
the Cu d° O pS states.

D. Atomic Substitution
i. Rare Earth Substitution

Ever since Abrikosov and Gorkov!?® showed that the spin flip scattering by
well localized magnetic impurities could suppress the superconducting state, physicists
have been interested in the interplay between magnetism and superconductivity. In
the late 60s and early 70s when the physicists thought that almost everything about
superconductivity had been uncovered, Miiller-Hartmann and Zittartz!9! published their
seminal paper showing that if the spin flip interaction was treated beyond second order
perturbation correction, the Kondo effect!92 would show up in the superconducting
state. Under certain conditions, the Kondo scattering led to reentrant behavior, i.e.,
in addition to the normal-to-superconducting phase transition at T_, a second phase
transition, a superconducting-to-normal transition, took place at a much lower
temperature. The Miiller-Hartmann and Zittartz paper stimulated an enormous amount
of experimental work to discover Kondo superconductors and to clarify the nature
of magnetic interaction. This, in turn,led to a great amount of theoretical work on
the effects of local magnetic moments whose life times were very short. A review
of this facet of superconductivity has previously appeared in this journal.!93

In all the cases considered, magnetism and superconductivity did not coexist,
i.e., long range magnetic ordering and the superconducting ordering do not exist at
the same time. In the late 70s and early 80s the ternary rare-earth superconductors
such as ErRh, B, and SmRh B, were discovered.!® Evidences indicate that in some
of these superconductors, antiferromagnetic ordering and superconductivity are both
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present in some temperature ranges. More recently, a new set of superconductors called
the heavy fermion superconductors has been discovered. In these superconductors, the
electrons behave as though they had masses of several hundred free electron masses.
Much effort was devoted to the study of these novel superconductors prior to the
discovery of the high T_ superconductors. At least one of the heavy fermion
superconductors contains a rare earth clement. As is with the case of the high T,
superconductors, it is believed that something more than the ‘conventional’ BCS theory
is needed to explain the phenomenon of the heavy fermion superconductors. People
working in this field are, however, well versed in the field of conventional
superconductivity.

The reason for mentioning the previous classes of ‘exotic’ superconductors
containing magnetic rare earth ions is that, shortly after the discovery of the YBa,
Cuy O, superconductor, it was realized that the replacement of the ytterium ions
by other rare earth ions would not destroy the ‘123’ structure. It was somewhat surprising
to find that, in most cases, the replacement of the ytterium ions by other rare earth
ions did not lead to any appreciable changes in the transition temperatures.!96-200 Except
for R = La, Ce, Tb and Pr, all compounds RBa, Cu; O, were superconducting 197
with T, above 90 K. An explanation for the non formation of a superconducting
phase by the four mentioned rare earths was that,(1) the La ions have the largest
ionic radius of the rare earths and therefore the ‘123’ structure would be distorted
beyond recognition, and (2), the Ce, Tb and Pr form into 4+ valence states. Of
the rare earths in the RBa, Cuy O, superconductors, only Y, Lu and Yb do not
have magnetic moments; all the others have, ranging from 0.85 to 10.65 Bohr magnetons.
These are calculated values based on Hund’s rule and in most cases correspond with
the values measured.

Orlando et al.2% found the extrapolated upper critical fields at T = 0K of
the RBa, Cuy O5, (R = Nd, Eu, Gd, Dy, Ho, Er, and Tm) clustered around 160
+ 20 Telsa and the midpoints of the slope of the critical field vs. temperature curve
clustered around 2.8 * 0.2 Telsa/degree K. Heremans et al.29! found that the molar
specific heats of the rare earth ‘123’ superconductors, (R = Y, Eu, Gd, Dy and Er)
are identical to within * 2 %. Infrared and Raman studies of the compounds (R = Y,
Sm, Eu, Gd, Ho, and Nd, Dy, Er, Tm?203) indicate an anomalous temperature behavior
of the 310 ecm! and 280 cm-! lines associated with the bond bending vibrations of
the Cu2-O2and Cu2-O3bonds in all of the compounds. This would indicate that the
opening up of a gap below T, was a universal feature of the €123’ compounds.

The low temperature specific heats?04 of these compounds (R = Y, Eu, Ho,
Tm and Yb) reveal, in several cases, Schottky anomalies associated with crystalline
electric field splitting of the Hund’s rule ground state multiplet of the R3* jons. The
magnetic susceptibility of these superconductors (R = Nd, Sm, Eu, Gd, Dy, Ho, Er,
Tm and Yb) in the temperature range between 3 K and 400 K all exhibit Curie Weiss
behavior.205 A few of them show indications of possible antiferromagnetic ordering
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at very low temperatures, below 3 K. Based on specific heat data, Ramirez et al.206
found that the interactions between the rare earth ions in these systems (R = Pr,
Nd, Sm, Gd and Dy) are more of the spin-spin exchange type than of the dipole
type. The insensitivity of the transition temperature to the replacement of Y by magnetic
rare earth ions in the ‘123’ superconductors and the common magnetic behaviors of
magnetic rare earth ions have reinforced the idea that superconductivity in the ‘123’
compounds is confined to the Cu-O/Ba-O/Cu-O/ Ba-O/Cu-O layer and that no interaction
takes place between the R layer and the superconducting layers.

More detailed studies of specific rare earth €123’ superconductors have been
done. Addition has been paid to mostly the Gd ceramic superconductor since Gd3+
has the largest J value of all the rare earths (J = 7/2). Specific heat data207 indicates
that an antiferromagnetic ordering of these ions is occurring at 2.24 K. Neutron diffraction
studies208 show the ordering of the Gd ions to occur at 2.22 * 0.07 T. Like Ramirez
et al., Paul et al.2%8 believe that the ordering is not due to dipolar interactions. 155Gd
Mossbauer studies20? show that there are no conduction electrons at the Gd sites and
so no exchange interactions between the Gd ion (or any other rare earth ions in the R
layer) and conduction electrons occur. The orientation of the ordered Gd moments is
parallel to the ¢ axis?!0 and shows that the ordering is due to anisotropic super-exchange
interactions. In the tetragonal phase (semiconducting phase) of the GdBa, Cuy Oq,
ceramic,?!! a magnetic transition at 2.24 K is still seen. The antiferromagnetic ordering
is seen to have a strong 2-dimensional Ising character.

The EuBa, Cu; O,, ceramic is also a well studied compound. Both
polycrystalline and single crystal specimens have been studied. Hikita et al.2!2 found
the slope of upper critical field H., vs T curve for the ¢ axis to be four times that
of the slope for the a-b plane. The extrapolated upper critical field at T = 0 K
is 190 Telsa, close to the values for the polycrystalline specimen studied by Orlando
et al. No evidence for Eu2* between 4.2 K and 400 K is seen in the !3'Eu Mossbauer
studies.213: 214 These studies indicate that the Eu3* layer vibrates as a Debye solid
with a Debye temperature of 280 = 5 K. No evidence is seen for any anomaly around
240 K or at T_. Wortmann et al.2!5 find evidence in their Mossbauer studies for slight
electronic modifications of Eu3* ion induced by the neighbouring Cu-O layers.
Magnetization measurements?! indicate that the lower critical field H, is about 500
G. Properties dependent on phonon transport in the ceramics indicate that, at low
temperatures, the EuBa, Cuj O, compound can be described as a tunneling system!.‘“)
No studies have reported that the Eu ions become ordered below any temperature.

Some interest has been shown in the ErBa, Cu; O, superconductors since the
Er3+ ions undergo a magnetic transition at 0.87 °K.2!6:217 Spins within the chains
are coupled ferromagnetically with the spins on adjacent chains being anti-parallel.
Also interesting is that, above T, a magnetic interaction between the 4f electrons
of the Eu ions and the conduction electrons exists,2!7 while below T, the interaction
disappears. The lower critical field for this superconductor is about 600 G which is
close to those of the other rare earth ‘123’ superconductors.
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Individual studies of the other rare earth superconductors have also been
made?18-223 but they do not point to any surprises.

ii. Transition Metal Substitution

As mentioned above, the insensitivity of the superconductive properties to the
replacement of the ytterium ion by any other trivalent rare earth ion, be it magnetic
or nonmagnetic, leads to the conclusion that superconductivity exists only in the
CuO,-Ba-CuO, layer. The local density of states at the Fermi surface should be small
around Ba2* and R3* sites because of the stable Xe and Kr core electron structure
of these ions. The main contributions to the DOS ( E; ) come from the Cu d band
and the spd hybridization states due to the Cu and O ions (see band calculations
in refs. 224 and 225). Substitution of Cu by other transition metals should produce
a large change in the superconducting properties which, in turn, should shed light on
the mechanisms responsible for the superconductivity.

Xiao et al.226 and Strobel et al.227 have been able to fabricate the ceramics
YBa, (Cuggq My )3 O6+y (M = Ti, Cr, Mn, Fe, Co, Ni, Cu and Ni) and YBa,
Cuz M3, 04, (x = .05, 0.1, M = Ag, Li, Pt, Zn, Cr, Mn, Fe, Co and Ni).
Both types show a sizeable drop of the transition temperature, e.g. T, of the Zn
doped ceramic dropped to less than 3 °K, while T, of the Cr doped ceramic dropped
to 84.5 K. Strobel et al. found that most substitutions, except for Fe and Co, caused
only a slight change in the YBa, Cu; O unit cell parameter. Xiao et al. also measured
the magnetic susceptibilities of the compounds and found the property to be well described
by the Curie Weiss law. As expected, Fe and Co had the largest magnetic moments,
followed by Mn and Ni. The magnetic moments of the Ti and Cr ions were negligible.
In general, the drop in T, correlates with the size of the paramagnetic moments of
the impurities except in the case of Zn. Fe and Co, which have the largest magnetic
moments, produced the largest drops in T, T, for the Fe doped ceramic being 38.0
K, and for the Co-doped ceramic, 21.2 K. Xiao et al. attributes the drop in T, to
pair breaking by conduction and d-electron exchange scattering at a paramagnetic
site. The drop in T, caused by Zn substitution is due to the filling of the anti-bonding
d band. Dharma-Wardana228 points out that the T obtained by Xiao et al. strongly
correlate with the difference in the crystal field stabilization energies for Cu2 sites and
Cul sites in the 2D layer and 1D chain, respectively. This led Dharma-Wardana to
hypothesize that superconductivity is depressed because of the changes in the 1D chain.

Mehbod et al.??? found that for low Fe concentrations, the transition temperature
T, decreased linearly as a function of the Fe concentration until the latter reached
10.7% of the Cu concentration, at which point, the transition temperature dropped
drastically. At a concentration of 12%, the Fe ions no longer substituted into the
Cu sites. Instead, a new phase (semiconducting) appeared. Mossbauer studies230-231
showed that Fe substituted into both Cul and Cu2 sites. Substitution of the Fe ions
(above a concentration of 1.5%) led to an orthorhombic-to-tetragonal phase transition.232
Below a Fe concentration of 1%, no magnetic ordering occured (even at 0 K). Other
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Mossbauer studies of ¥Ba, ( Cu ggs Fe g15)3 O7,, (T, = 59 K)?33 and YBa, ( Cu g
Fes); O;_, (T, = 57 K)?3* showed that long range magnetic ordering is established
at 7 K and 12 K, respectively. The Fe ions appear to be aligned with the c-axis. Fe
substitution into the GdBa, Cu; O, ceramics has a more steep linear drop in T,
and earlier transition into the tetragonal phase.23

Aluminum substitution in the high T_ superconductors is of special interest
since it can be substituted for either the Cu or the Y ions. Siegrist et al.236 looked
at substitution of the Al ions into Cul sites in the linear chain, while Franck et al 237
looked at the substitution of the Al ions into the Y sites. Siegrist et al. found the
drop in T, with increasing Al substitution to be gradual. For YBa, Cuy g4 Al; O,
T, dropped only to 80 K. Past this concentration, the drop was drastic. Replacing
ytterium ions by Al ions also produced a drop in T_.237 This is attributed to the crystal
structure change resulting from the fact that the jonic radius of Al (0.51 °A) is
much smaller than the ionic radius of Y (0.97 °A). Complete substitution of the
Y ions by Al produced an insulator at 77 K.

Substitution of Ag or Pd into the Cu sites are also of special interest. Nishi
et al.238 found that a small amount of Pd substitution could increase the transition:
temperature. Increasing the Pd substitution led to a decrease of T,. Substitution of
Ag in place of Cu is interesting since Ag is a monovalent ion while Cu is a mixed
valent ion. Tomy et al.23% saw an increase in the Cu3*/Cu?* m ratio in the normal
phase. They observed, however, a decrease in the transition temperature as the
concentration of Ag was increased. Complete replacement of the Cu ions was accomplished
by Pan et al.2%0 The resulting multiphase ceramic had an onset temperature of 50 K
with a transition width of about 30 K. The interesting things about this superconductor
are the absence of localized moments or valence fluctuations present in the Cu-based
ceramics. The existence of high temperature superconductivity in this ceramic should
cause a reconsideration of all the theories which are based on the presence of localized
moments or valence fluctuations in the high T_ superconductors.

iili. Anion Substitution

In the hope of achieving higher temperature superconductors, several groups
have attempted to modify the YBa, Cu; O, ceramics by replacing the oxygen anion
by some other anion. Felner et al.24! have succeeded in substituting a S ion into one
of the O sites. While the resulting YBa, Cu; O¢ S ceramic has the same T as the
YBa, Cu; O, superconductor, its phase transition is sharper and it displays the full
Meissner effect and has a larger upper critical field. In the presence of an external
20 kOe field, the S-rich ceramic exhibits full diamagnetism, while the normal ceramic
exhibits only paramagnetic behaviour.

Substitution of Cl or F into the ceramic leads to a decrease in T_. For the
Cl substitution ( YBa, Cu; Og Cl), the transition temperature drops to 72 K.241
Substitution of F into O sites has been reported to lead to a drop of T, into the
range 80-89 °K.242 Two other groups report that their F-doped ceramics  exhibit
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superconductive properties at 148.5 K243 and 155 K.244 These results however, have
not been reproducible by other laboratories and so it is believed that the evidences
presented for the presence of superconductivity were due to some artifacts of the
experimental method used by the two groups.

IV. “NEW” HIGH T. SUPERCONDUCTOR

In the euphoria following the announcement of the 90 K superconductor by
Chu on Feb. 16, 1987,5 the public was led to think that room temperature
superconductors was just around the corner.” After one year of intensive effort, it
appeared that T was stuck at 90 °K. The reports of superconductivity at 155 K,244
159 K,245 240 K,246 260 K247 and at 500 K248 proved to be somewhat illusory. They
were either not reproducible or the evidence for superconductivity could be attributed
to some other phenomenon. In January of this year, almost one year after Chu’s
announcement, rumours about ‘‘new’’ high T_ superconductors began to circulate.
The rumours were confirmed with the appearance of a paper by Maeda et al.249 of
105 K superconductivity in a Bi-Sr-Ca-Cu oxide sample prepared on 23 December,
1987. This was followed by Chu’s announcement on 25 January, 1988 of 120 K
superconductivity in a Bi-Sr-Ca-Cu-Al-O ceramic. A different class of ‘‘new’’ high
T, superconductors was announced on 22 January, 1988 (the same day Maeda made
his announcement to the Japanese press). Sheng and Hermann reported 85 K
superconductivity in Tl-Ba-Cu oxides. This was followed by their announcement of
115 K superconductivity in a TIl-Ba-Ca-Cu oxide.

Before the appearances of the papers in the scientific journals, many people
had guessed at the composition and sought to make the ‘‘new’’ superconductors
themselves. Within weeks of Maeda’s announcement, Liu et al.2%0 had grown a single
crystal of a BiSrCuCa s O, compound having a T, of 85 K while Kang et al.25! had
made a superconducting film of Bi-Sr-Ca-Cu-O having a T, between 90-110 K. Enough
work had been done so that at a conference held in Interlake six weeks after Maeda’s
announcement, over thirty papers on the “‘new’” high T_ superconductors were presented.
The chemical composition of Maeda’s superconductor is reported to be BiCaSrCu,
Oy. The Bi-ceramic made by Chu et al.252 has the chemical composition Bi, CaSr, Cu,
09_253

That the ‘‘new” superconductors are truly ‘‘new’’ high T_ superconductors
can be seen in two articles in the News and Views section of Nature. In an article
by Forgan and Greaves in the March 3rd issue,25% they stated that : “‘it is fairly
certain that similar structural features (refering to 1D and 2D Cu-O layers) are present
in the new materials.”” In the March 24th issue,25> when results of X-ray and
neutron-diffraction studies of the crystal structure became known, they pointed out
the presence of two 2D copper-oxygen layers adjacent to each other with no copper-oxygen
chains present. They pointed out that a structural similarity does exist between the
“new’” high T superconductors and the ‘old’ YBa, Cu; O, superconductors. The similarity
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to which they referred is how the basal Cu-O planes of the pyramidal CuO,
units sandwich a bridging cation ( Y3+ for the ‘old’ superconductor and Ca?* for
the ‘new’ superconductor ). These ‘new’ bismuth superconductors were foreshadowed
by a paper by Michel et al.2% which reported 22 K superconductivity in a Bi, Sr,
Cu, O, ceramic.

While the papers describing the structure of the thallium compounds have
not reached Thailand, Hermann and Sheng are reported to have said that patterns
of three adjacent copper-oxygen layers are seen.257 In their paper which describes how
they initially fabricated the thallium compounds,?*8 they give the reasons which motivated
them to consider thallium. First, thallium has a valence state of 3+. Next, its ionic
radius is 0.95 °A which is close to those of the rare earths. Based on experience with
the rare earth substitution in YBa, Cu; O, they thought this was the best candidate.
The chemistry of thallium compounds required that the fabrication processes be modified.
It turns out that the fabrication becomes very easy as long as one remembers that
thallium compounds are very toxic. In the issue of Nature that announced the discovery,
this toxicity was pointed out as a separate warning.

We would like to end this review with the mention that Cava has reported
finding high temperature ( 20-30 K ) superconductivity in a perovskite structure compound
Ba ¢ K 4 Bi 4. Like the Ag-compound fabricated by Pan et al., 240 there is no copper
ions in this ‘new’ high T. superconductor.
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