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ABSTRACT

Title of Thesis:
Investigations of Substitution of Bi and Tl for Rare
Earth Elements in Superconducting RBa;Cu3Oy
Jian Tang, Master of Science, 1991
Thesis directed by:
Professor Lawrence Suchow

Substitution of some other elements for rare earth or
yttrium in high-T, superconducting RBazCuzOy compounds (R =
Y, N4, etc.) may improve chemical and physical properties of
the materials, shed light on the superconducting mechanism
of the new materials, and help to find new superconducting
materials with even higher transition temperatures.

Bi3* and T13% nhave been reported earlier to result in
higher T.’s in the related layer-structure compounds. The
effect of electronegativity on superconductivity could be
studied if substitution of Bi or Tl for Y or other rare
earth elements in RBazCu3Oy could be realized.

Earlier researchers have indicated that, under oxidizing
conditions at the reaction temperature (about 900°C), pi3t
does not enter YBazCu3zOy but that a non-superconducting
perovskite phase BajBiYOg (with Bi%*) is formed instead. In
the present work, attempts have been made to prepare
superconducting (R,Bi)BaZCu30y by first forming the non-
superconducting, oxygen-deficient, tetragonal form in an

inert atmosphere and then introducing additional oxygen and

converting to the orthorhombic form by reheating in air or



oxygen at lower temperature (about 250 - 500°C). X-ray
diffraction, optical microscopy, thermogravimetric

analysis, and electrical measurements were used to study the
reaction products.

It was found that, in an inert atmosphere, YBayCu30y is
very difficult to form while BasBiYOg, a non-superconducting
phase, still forms as it does under oxidizing conditions,
with oxidation of Bi3* to BiS* probably due to reduction of
cu?t to cut; (Y,Bi)BaZCu30Y is not formed.

In an oxidizing atmosphere, both NdBayCu30y and
BasBiNdOg with a structure similar to that of BayBiYOg
result; there 1is no evidence for the formation of
(Nd,Bi)Ba20u3oy to any significant degree. The presence of
Bas;BiNdOg, a minority and insulating phase, along with
NdBapCu3Oy results in a broader transition temperature and
an increase in normal state resistivity.

In an inert atmosphere, the formation of both NdBazcu3Oy
and BayBiNdOg is hindered and a tetragonal NdBazCuzOy and
poorly crystallized and probably oxygen-deficient BajyBiNdOy
result. Superconductivity of the samples with Bi addition is
severely deteriorated since the tetragonal NdBapCu3Oy is not
easily converted to an optimum orthorhombic structure while
the insulating BayBiNdOg appears in the samples during the
after-annealing.

Tl was found not to enter the Y sites of ¥YBayCu3Oy under

oxidizing conditions.
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I. INTRODUCTION

I.1. Superconductivity: Materials AndvTheory

It has long been known that the electrical resistivity
of many metals and alloys suddenly drops to zero when the
specimen is cooled to sufficiently low temperature, often a
temperature in the 1liquid helium range. This phenomenon,
called superconductivity, was observed first by Kamerlingh
onnest1] in a specimen of mercury in 1911, three years after
he first liquefied helium. At a critical temperature (T.)
the specimen undergoes a phase transition from a state of
normal electrical resistivity to a superconducting state
(Fig.la). At the same time, if the specimen is placed in a
magnetic field, the magnetic flux originally present is
ejected from the specimen. This is called the Meissner
effect (Fig.lb) which is central to the characterization of
the superconducting state and cannot be accounted for by the
assumption that a superconductor is a normal conductor with
zero electrical resistivity.(z]

It has since been found that superconductivity occurs in
many metallic elements of the periodic system and also in
alloys, intermetallic compounds, and doped semiconductors
(Tables 1 and 2). The range of transition temperatures (for
these materials) Xknown at present extends from 23.2 K for
the compound NbjGe to below 0.001 K for the element Rh.

Several materials become superconducting only under high
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Figure l1la. Resistance in ohms of a specimen of mercury
versus absolute temperature. This plot by Kamerlingh Onnes

marked the discovery of superconductivity.[1]

Figure 1b. Meissner effect in a superconducting sphere
cooled in a constant applied magnetic field; on passing
below the transition temperature the lines of induction B

are ejected from the sphere.fz]



Y B Table 1 Superconductivity parameters of the elements 8 p N o F Ne
An asterisk denotes an element superconducting only in thin films or under
0026 high pressure in a crystal modification not normally stable. [27
Na Mg Al Si* p° s¢ (o]] Ar
Zranshion.temperatura.in. K 1.140
Critical magnetic field at absolute zero in gauss (10 tesla) 105
K Ca Sc Ti v Cr* [Mn ]Fe Co | Ni Cu Zn Ga Ge* |As* }|Se* |Br Kr
. v oseidsss o Lo b b b e < ) 0875 | 1001
100 1420 53 51
Rb Sr Y* Zr Nb Mo | Tc Ru Rh Pd Ag Cd In Snw|sb* |Te* |1 Xe
RO EEE 0.546:3 950 109271772 ] 0.51. ].00031 . o). .. - |086 |34035 3.722
47 1980 § 95 1410 § 70 .049 30 293 309
Hf Ta w Re Os Ir Pt Au Hg @] T Pb Bi* Po At Rn
| AL o . J8d53 0239 }7.193
412 171 803
Fr Ra
. o Ce* } Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ZTRe W] G
s NN T 0.1
Th Pa U%(a) ] Np Pu Am ]Cm | Bk cf Es Fm Md No Lr




Table 2. Superconductivity of selected compounds[2]
Compound Te (K) Compound Te (K)
NbjGe 23.2 V3Si 17.1
Nb3Sn 18.05 V3Ga 16.5
NbjAl 17.5 PbqMosg , 1S¢ 14.4
NbN 16.0 LasIn 10.4

(SN)y polymer 0.26 TisCo 3.44




pressure; for example, Si has a superconducting form at 165
kbar, with Te = 8.3 K. It was also found that, in experimen-
tal searches for superconductors with ultralow transition
temperatures it is important to eliminate from the specimen
even trace quantities of foreign paramagnetic elements be-
cause they can lower the transition temperature severely.
One part of Fe in 10% will destroy the superconductivity of
Mo, which when pure has To = 0.92 K; and 1 atom percent of
gadolinium lowers the transition temperature of lanthanum
from 5.6 to 0.6 K. Nonmagnetic impurites have little effect
on the transition temperature.

The basis of a quantum theory of superconductivity of
the o0ld type of superconductors (a new type of superconduct-
ing materials, oxides, will be reviewed in detail later) was
laid by the classic 1957 papers of Bardeen, Cooper, and
Schrieffer (BCS).[3] The accomplishments of the BCS theory
include: [2]

1. An attractive interaction between electrons can lead
to a ground state separated from excited states by an energy
gap. Critical magnetic field ( to destroy the superconducti-
vity), thermal properties, and most of electromagnetic pro-
perties are consequences of the energy gap.

2. The electron-lattice-electron interaction leads to an
energy gap of the observed magnitude. The indirect interac-
tion proceeds when one electron interacts with the lattice

and deforms it; a second electron sees the deformed lattice



and adjusts itself to take advantage of the deformation to
lower its energy. Thus the second electron interacts with
the first electron via the lattice deformation.

3. The criterion for the transition temperature of an
element or alloy involves the electron density of orbitals
D(éfp) of one spin at the Fermi level and the electron-latti-
ce interaction U, which can be estimated from the electrical
resistivity because the resistivity at room temperature is a
measure of the electron-phonon interaction. For UD(¢ép) << 1
the BCS theory predicts

Te = 1.1408exp[-1/UD(£F) ]
where © is the Debye temperature and U is an attractive in-
teraction. The result for T, is satisfied at least qualita-
tively by the experimental data. There is an interesting
apparent paradox: the higher the resistivity at room tem-
perature the higher is U, and thus the more likely it is
that a metal will be a superconductor when cooled.

All in all, the BCS theory accounts for a superconducting
state formed from pairs of electrons which are called Cooper
pairs. However, since 1986 the BCS theory has been facing a
big challenge due to the discovery of new types of supercon-
ductors, oxide high-T. superconducting materials which can-
not be entirely explained by the simple free-electron pic-

ture.



I.2. A Review of New Oxide Superconductors

Based on a large amount of experimental information and
theoretical understanding, the prevailing view prior to
1986, when high-temperature superconductivity in oxides was
discovered, was that the maximum value of the superconduct-
ing transition temperature T, of any materials would not
increase much above about 23 K, the high T, record held
since 1973 by the Al5 compound NbjGe. In fact, between 1911
and 1986, T, only increased at an average rate of about 0.25
K per year. However, between 1986 and 1989 the maximum Tg
value of the new copper oxide superconductors rose at an
average rate of about 30 K per year to its present value of
about 122 K. Thus, superconductivity near or above room tem-
perature no longer seems out of the question, as it did a
few short years ago. Moreover, the oxides were generally
regarded as the least likely candidates for high T, super-
conductivity due to their low concentrations of charge car-
riers. An understanding of the origin and nature of high Tg
superconductivity in the new oxide compounds constitutes one
of the most important and challenging scientific problems

that has emerged in recent years.

I.2.1. LajCuOy4-based compounds
In 1986, Bednorz and Muller (4] giscovered that a copper
oxide-based material, Lajz.yxBayCuO4-y, is responsible for the

indications of superconductivity at about 30 K. Since then,



many new high-T. superconducting oxide materials have been
discovered.

The stucture of Laj.yBayCuOy-y is identical to that of
the undoped orthorhombic LajCuO4 structure or its high-
temperature tetragonal polymorph which belongs to a KjNiFy
structure (Fig.2) It can be described either as a stacking
of perovskite and NaCl cubes or as a layered compound. The
oxygen-defect perovskite LasCu0O4 is semiconducting, but by
replacing some of the trivalent La by divalent Ba, Ca and

2% in the compound is oxidized to cu3t to

Sr, some of the Cu
give a mixed valence (Cu2+/Cu3+) compound. The orthorhombi-
city of the Lazcud4 is decreased and superconducting com-

pounds are prcduced.[SJ A maximum superconducting transi-

tion, Tc = 40 K, is obtained at x = 0.15 in Lag_yxSryCuly-y.

I.2.2. YBaCu3Oy and LnBaCu3Oy compounds

The discovery of superconductivity at 90 K in a material
now known to have the chemical formula YBayCu30y, where y >
6.8, gave a great impetus to the field of high-T. supercon-
ductivity in oxides, since it broke the 77 K liquid nitrogen
temperature barrier.[6] Shortly thereafter, superconducti-
vity with Te = 90-94 K was discovered in the lanthanide ana-
logues LnBapCu3Oy where Ln is a lanthanide element except
for Ce, Pr, Pm, and Tb.[7] Because the studies in this the-

sis deal with substitutions for the rare earth elements in



Figure 2. Structure of the "single-layered" Laj-.yRyCuOy

compound.
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RBazCu30y (R = Y, N4, etc.), a detailed review will be given

later.

I.2.3. Bismuth and Thallium copper oxides

The highest values of T, currently up to 122 K, are
found in a large family of compounds of the type (AO)pMy-
Capn-1CunOaon+2 (8,9,10] yhere the A cation can be T1, Pb, Bi,
or a mixture of these elements, the wvalue of m is 1 or 2
(but is only 2 when A is Bi), the M cation is Ba or Sr, and
the substitution of Ca by Sr is frequently reported. The
number of CuO,; layers, separated by Ca, within a unit cell
is equal to n, and T, increases with n up to n = 3. For this
series, Ts, n, and m values are listed in Table 3[11], The

structures of these compounds are shown in Fig.3[12].

I.2.4. Some other superconducting oxides

A new series of superconductors was discovered with the
formula PbySrj(Ca,R)Cu3Og4+yx where R can be a variety of rare
earths.[13] Its structure is shown in Fig.4 Superconducting
onsets in this series occur at temperatures as high as 78 K,
but zero resistance has not yet been obtained above 55 K.
Although the T.’s of these materials do not set any records,
the compounds give new insight into high-temperature
superconductivity. The discovery offers more evidence for

what superconductivity researchers already believed, that
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Table 3. (AO)pMaCan-1CunOsng2 phases[11]

Compound Te (K) n m
T1BasYCuy07 Nsc* 2 1
T1BayCuOg NSC 1 1
T1lBajsCaCuy07 90 2 1
T1lBajCayCus0gq 110 3 1
T1BasCa3zCuy0q3 122 4 1
(T1,Bi)Sr,Cu0sy 50 1 1
(T1,Bi)SryCaCuy0y 90 2 1
(T1,Pb)SryCaCus07y 90 2 1
(T1l,Pb)SryCasCuz0g 122 3 1
T1l,BajCulg 90 1 2
Tl,BasCaCuyOg 110 2 2
Tl;BasCasCuizO1g 122 3 2
Tl,BajCazCuyOqg 119 4 2
BiZSrZCuO6 12 1 2
BizsrzCaCuZOg 90 2 2
BisSryCasCuz0qg 110 3 2
Bier2Ca3CU4012 90 4 2
BiySrpyYCuyOg NSC 2 2

* NSC means non-superconductor.



(b)

Figure 3. Structure of the "multilayered" TlpCap-;BasCup-

O2n+m+2 Or BipCan-3SryCupnOsp4m+2 compounds: (a) for m = 1;
(b) for m = 2. (from ref.12)

12
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Figure 4. Members of the family PboMoM/p-1Cun4104+42n+x for
n =1 (a) and n =2(b). Small black circles are Cu; small
open circles, 0; large shaded circles, Pb; large open
circl%i M and M/ (M = Sr and La, M’ = Y and Ca). From
Cava. 4]
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double pyramidal layers of Cu-0 such as those found in the
new materials play a crucial role in high Te.

One of the most striking aspects of all presently known
high-T. superconductors with To’s greater than 30 K is that
they are complex copper oxides with layered perovskite-like
crystal structures, all possessing 'Cuoz planes. However,
like its predecessor Ba(Pbj_yBiy)0O3 with a maximum To of 13
K, the newly found system (Baj-yKyx)BiO3, with a maximum Tg
near 30 K, has a cubic perovskite crystal structure. [15,16]

It was found that superconductivity in oxide materials
very often has an intimate relationship with the perovskite
structure. Among the new high-T, oxides, YBapCu3Oy has a
relatively simple and easily seen struéture. Since the
research work in this thesis will deal largely with these

topics, it is nessary to give a further detailed review of

them here.

I.3. Perovskite Structure and Superconductivity

I.3.1. Perovskite structure and Ba(Pb,Bi)Oj3 superconductor
The ideal undistorted perovskite ABO3 structure (Fig.5)

consists of a regular array of equally dimensioned BOg octa-

hedra sharing all corner oxygens with neighboring equivalent

octahedra, with 180° B-0-B angles. The A-atom site occurs at

the center of the large resultant cavity. This ideal ABOj

array has simple cubic symmetry.
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Figure 5. The primitive cubic unit cell of a perovskite
compound ABO3 drawn with two different origins to show
coordination about the large( A ) and the small( B )
cations: (a) the small cation is surrounded by an octahedron
of.six ?Eé?ns; (b) the large cation is surrounded by twelve
anions.

Boog6K0048i03 BageKo 4Bi03

222(3) 21435(3)
2i1(3)

2.11(3)
2.23(3)

Figure 6. Crystal structures of several members of the Baj-
xKyBiO3 series: (a) x = 0, (b) x = 0.04, and (c) x = 0.40.
Unit cells are indicated by dotted lines in upper figure.
Bismuth-oxygen bon?in? is depicted in the lower figure. From
Schneemeyer et al. 6

15
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Before the pioneering work of Bednorz and Miller, oxide
superconductors were well known, but perhaps not fully
appreciated.[18'19'20'21] Superconductivity was found in
several systems (Table 4), i.e. SrTiO3_x,[18] TiOy (0.8 < x
< 1.30),[19] the Li-Ti-O system,[2°] and the Ba-Bi-Pb-0

[21], Most anomalous among those superconductors was

system
the perovskite structure material BaPbg,75Big, 2503, with a

superconducting transition temperature (To) of 13 k.[21]

Table 4. T, and structure for low-T, superconducting

oxides
Compound Structure Te (K) Reference
SrTiO3.x Perovskite 0.3 [18]
TiOy (0.8<x<1.3) cubic(NacCl) 1.0 [19]
Lij+yTip-x04 (0<x<1/3) fcc spinel 7 - 13.7 [20]
BaPbg,75Big. 2503 Perovskite 13 [21]

BaPbj].xBiy03 solid solutions derive from the parent
compounds BaBiO3 and BaPbOj3. Unlike the ideal perovskite
structure, in BaBiOj3 larger and smaller BiOg octahedra
alternate, Bi-0-Bi bond angles deviate from 180° (Figure 6),

and the symmetry is reduced to monoclinic. [22] This very
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large structural distortion is considered to be driven
electronically, due to the fact that Bi prefers to charge-
disproportionate into more highly charged (smaller octahe-
dron) and more weakly charged (larger octahedron) ions
rather than sustain a uniform "Bi%*w charge state. Recent
careful neutron diffraction studies conclude that the formal
charges of the two types of Bi are "4.5+" and "3.5+".
Interestingly, dependent on preparative conditions, the
charge disproportionation can occur in either a structurally
ordered or structurally disordered manner. [23]

A.W.Sleight et a1l22] found that BaPbO3 is orthorhombic
and has a distorted perovskite-type structure in which the
Pb atoms occupy one set of equivalent positions with the
surrounding O octahedra tilted roughly 8° about a pseudo-
cubic [110] axis. Superconductivity occurs in BaPbj.yBiyO3
for compositions near x = 0.25. The superconducting region
is characterized by a tetragonal structure at 25°Cc. In
BaPbg, 7Bip.303 the O octahedra are tilted roughly 8° about
the [001] axis. For x between 0.4 and 0.75, orthorhombic
symmetry 1s once again observed. The evolution from the
charge-disproportionated pure Bi compound (BaBiO3) to the
metallic pure Pb compound (BaPbO3) has been the subject of
considerable study.[24] If suppression of the charge dis-
proportionation through doping is critical to the supercon-
ducting mechanism, then it is remarkable that one must have

so much Pb present to achieve that result.
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I.3.2. (Ba,K)BiOoj superconductors

Ba(Pb,Bi)03 is made superconducting by the mixing of
atoms on the electronically active perovskite B sites. For
copper-oxide based superconductors, dopants on the Cu sites
are usually detrimental to superconductivity, and A site
doping is preferred. Large atom-site doping of BaBiO3 could
involve either partial M3+/Ba2+ or M1+/Ba2+ substitution,
introducing holes or electrons.

After many efforts, a series of compounds of A site
doping, Baj-xKyxBiO3, was finally synthesized.[15'16'25]
Bulk superconductivity with a To near 30 K occurs for the
single-phase simple cubic perovskite Bag,gKp.4BiO3, a new
compound but obviously intimately related to BaPbg, 75Big, 25—
03.

The crystal structures of various members of the Baj-yx-
KyBiO3 series of compounds are presented in Figure 6. Appa-
rently, a continuous series of perovskite compounds occurs
for Baj-yKyBiO3, at least for 0.0< x <0.4, with the only
differences being in the sizes and shapes of the Bi-O octa-
hedra and the Bi-0-Bi angles, in a manner analogous to what
is observed in Ba(Pb,Bi)0O3. What is known about the Baj_yKyx-
BiO3 phase diagram at present can be summarized as follows:

x=0 : monoclinic, bronze color, semiconducting;

x=0.04: orthorhombic, black;

x=0.13: cubic, black, not superconducting;

x=0.40: cubic, black, superconducting.
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Unlike Ba(Pb,Bi)0O3, very little hole doping is required to
suppress the charge-disproportionation almost completely in

the (Ba,K)BiOj3 series.

I.4. YBaCu30y Structures, Structure Transitions.and
Substitutions
As the first superconductor withch above the boiling
point of nitrogen, YBapCu3Oy has been the subject of very

considerable study.

I.4.1. YBazCujOy structures

YBapCu3zOy and related "123" oxides have oxygen-deficient
perovskite structures. [26,27) A Cu2+/Cu3+ mixture also
exists in these compounds. One structure form is orthorhom-
bic (Figure 7), by virtue of the preferential population of
the 01 sites (along the b axis) giving rise to Cu-O chains.
A disordered orthorhombic structure can result if both the
01 and 05 sites are occupied (but unequally). A tetragonal
structure results if the 01 oxygens are extensively depleted
or the 01 and 05 sites are equally occupied. The orthorhom-
bic structure of YBaj;Cu3Oy continues down to y = 6.4 at
which point the structure becomes tetragonal; YBajCu3Og is
tetragonal and nonsuperconducting. The T of orthorhombic
YBayCu30y shows an interesting variation with y. The T¢ is
90 K down to y = 6.8; there is a plateau in Ts (55*5 K) in
the range of vy = 6.8 - 6.6. The material becomes nonsuper-

conducting at y = 6.4.



¥YBa,Cu;0, Y Ba,Cu, 0
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Orygens () 02,03 () 01,04 ¢} 01,05 When disordered

Figure 7. Structure of "double-layered" YBazCu30y: (a) vy =
7, orthorhombic with oxygens ordered on 01 sites; (b) y = 6,
tetragonal with fully depleted Ol sites; (c) disordered
tetragonal structure where bot?zg} and 05 sites are
occupied. From Rao and Raveau.
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It was found that the value of y depends on the method
of preparation. For example, the oxygen-annealed, slow-cool-
ed materials are usually orthorhombic and superconducting
with larger y values; but the oxygen-annealed, fast-cooled
materials are orthorhombic with smaller y values or tetra-
gonal so that they present a semiconducting or nonsupercon-
ducting behavior. [22] It is necessary to have a detailed
look at the topic of orthorhombic-tetragonal transition in
RBayCu30y compounds to understand the relation between ther-

mal history and superconductivity of the compounds.

I.4.2. Orthorhombic - tetragonal transition in RBaéCu:,Oy

Like the 40 K compound of Laj_yxSryCuO4 (x = 0.15), the
YBajCu3zOy phase is called an oxygen-defect perovskite becau-
se there are only seven oxygens per formula unit instead of
the nine required for a triple-cell perovskite. Its crystal
structure (Fig.7) consists of a stack of ¥, Cu0O,, BaO, CuO,
BaO, CuO; and Y planes perpendicular to the c-axis, with an
ordering of all the oxygen vacancies in the Cu-0 median
plane resulting in Cu-0 chains running along the b-axis.

The wide range of Tq’s reported for single-phase 90 K
materials strongly suggested a problem with stoichiometry
associated with the processing parameters, particularly the
ambient, the annealing temperature, and the cooling rate.
The importance of the oxygen ambient and annealing tempera-
ture was studied by Tarascon et a1l30] [Fig.8(a)]. It shows

the weight loss of an as-grown material heated to 850°C in
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argon, cooled in the same ambient to room temperature, and
reheated in oxygen to 850°C. The weight lost by the compound
(corresponding to one oxygen per formula unit) when heated
under argon is equal to the weight gained when heated under
oxygen. This indicates a completely reversible loss-inser-
tion process. The TGA (thermogravimetric analysis) trace (at
10°C/min) shows a maximum at 540°C when the sample is heated
under O,, indicating a maximum oxygenation rate at this tem-
perature. This processing temperature region is now widely
used to optimize the material’s oxygen content and thereby
its Tg.

The effect of the synthesis cooling rate is shown in
Fig.8(b), where a vacuum-annealed sample is first heated
under air, quenched under air, reheated under air, and
finally slowly cooled. The difference in oxygen content of
0.3 oxygen atoms per unit formula between the cooled and
quenched states clearly illustrates the importance of the
cooling rate.

Changes in oxygen content such as these markedly affect
Te, as are shown in Figs. 9 and 10. The vacuum-annealed
sample exhibits semiconducting behavior. The metallic beha-
vior and superconductivity can be fully recovered by either
thermal annealing in O, or the plasma oxidation methoa[31],
Therefore, the electrical behavior, concomitant with the

oxygen content, of these materials is reversible.
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Figure 9. Effect of processing treatments (vacuum annealed
and re-annealed in oxygen) on the r?§6?tivity temperature
dependence of an ErBaj;Cu3Oy sample.
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Figure 10. Effect of changing the oxygen content on the
properties of YBajCuj3Oy,. Shown are the resistivities as a
function of temperature for the sample (a) as-prepared, (b)
after annealing for 15 h at 450°C in a vacuum of 10-3 Torr,
(c) after 117 h plasma oxidation, (d) after 210 h plasma
oxidation, and (e) after plasma oxidati?glfor 285 h. Note
the large scale changes in resistivity.
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On removal of oxygen, the basic unit cell evolves from
an orthorhombic (0) symmetry at y = 7 to a tetragonal (T)
symmetry at y = 6. Neutron scattering experiments[32] have
shown that the oxygen is removed from the Cu-O0 chains in the
orthorhombic phase and continues until the tetragonal phase
is formed, whereupon the oxygen sites in the median CuO
plane are equally occupied (i.e., there are no chains) or
until, at y = 6, there is little or no oxygen left in this
plane. This oxygen removal is a function of temperature [as
shown 1in Fig.8(a)] and it has been demonstrated by x-ray
diffraction that the O-T transition occurs at T = 740°C and
1 atm Op. The synthesis of the bulk RBapCu3Oy phase by a
solid-state reaction generally requires temperatures higher
than 900°C and, according to updated information[30], cannot
be lower than 800°C. Thus the initial phase which is formed
in the solid-state reaction has tetragonal symmetry which
converts to the desired orthorhombic phase on cooling below
the O-T transition temperature. On 1lowering the partial
pressure of oxygen from 1 atm to 100 mT, the temperature at
which the O-T transition occurs decreases from 740°C to
600°C. Superconducting +thin film, in contrast to the
preparation of bulk materials, can now be grown at 650°C and
100 mT partial pressure of oxygen.[30]
studies(33/34) of the complete YBayCu3Oy series have
documented in more detail that the oxygen concentration is
important, but how and at what temperature the oxygen is

removed are also important. It has been shown(33] that the



26

composition at which the O-T transition takes place strongly
depends on the annealing temperature and that the largest y
value at which the O-T transition is obtained is at the
highest annealing temperature. Thus the y value alone for an
oxygen-depleted YBayCu30y sample is meaningless without the
experimental details describing the processing history of
the sample and it is only on this basis that different
samples can be compared.

Evidence for the existence of two bulk superconducting
transitions at 55 K and 90 K in the YBajCu307 system was
first observed by Tarascon et a1l3®]) in a sample which was
vacuum-annealed and subsequently oxidized at low tempera-
tures (Fig.11l). The ac-susceptibility trace for this sample
shows distinct 55 K and 90 K superconducting transtions with
no other transitions apparent. Plasma oxidation at 1low
temperature (< 80°C) also clearly produced superconducting
transitions at 55 K and 90 K in the temperature dependence
of both the resistivity and ac susceptibility, with no other
transitions detected.[37] From x-ray powder diffraction
analysis, the 90 K and 60 K materials appear similar.
However, high resolution electron microscopy (HREM) can
distinguish between the two phases. At y = 7 the oxygen
vacancies are ordered in a manner leading to the Cu-0 chains
parallel to the b-axis. For the y = 6.5 sample there is a
modulation in the "a" direction corresponding to the
occupancy of one out of every two chains, but there is no

correlation in the "c" direction.[38]
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Figure 11. Effect of processing heat treatments on the
superconducting properties (ac-susceptibility) of YBapCu3Oy.
Curve (a) is for the as-grown material; Curve (b) is for a
vacuum-annealed sample heated in 2 x 10 ° torr oxygen to
800°c at 5°c/min, and cooled at 5°C/min to room temperature.
Curve éc) and (g) are vacuum-annealed samples heat treated

at 3 86? in 107“ torr oxygen for 15 hours (c), and 5 hours
(d) .
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I.4.3. Substitutions in YBa;Cu3zOy

Since the discovery of high-temperature superconductivi-
ty in ¥YBaj;Cu307, many attempts to substitute other elements
for Y, Ba or Cu have been made in order to improve its pro-
perties, understand the mechanisms of superconductivity of
the new oxide materials, and find other new superconducting

materials.

I.4.3.1 Copper substitution effects: YBaj(Cuj-xMx) 30y
Numerous investigations into the effects of the substi-
tution of copper in YBapCu3Oy by a great variety of metallic
elements M have appeared in the literature. By far, the most
extensive research performed to date, and that for which the
substitutions have resulted in single-phase materials, has
been for the substituent elements M = Fe, Co, Ni, 2Zn, Ga,
and Al.[3%] The rich variety of reported behavior, as well
as much of the experimental disagreement, arise primarily
from the preferential occupancy of the two inequivalent
copper sites. Consideration of the relative substitutional
occupancies of the Cul(chain) and Cu2(plane) sites(Figure 7)
is central to the interpretation of primary features such as
the degree of degradation of superconducting properties, the
apparent orthorhombic-tetragonal phase transformation,
oxygen site occupancy, substitutional solubility, and an-
nealing effects. The dependence of T, on copper-site dopant
concentration 1is shown in Figure 12 for a variety of

substituent species.
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Figure 12. Superconducting transition temperature T, vs.
dopant concentration x for YBaj(Cuj.yMy)307-§. Data for M =
Al (solid squares), Ga (open squares), Ni (solid diamonds),
Co (open triangles), Fe (solid triangles), and Zn (open

diamonds) are shown. From Markert et a1.[32]
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X-ray diffraction déta generally indicate that for all
trivalent substitutions such as Fe, Co, Al and Ga, an
orthorhombic~tetragonal structural phase transition seems to
occur near X = 0.02-0.04. A significant feature is that
superconductivity persists for concentrations far beyond
that at which the transition occurs; T, depression is
typically only about 2-5 K/at.%. Neutron diffraction data
provide strong evidence that Fe and Co substitute preferen-
tially on the Cul(chain) site, where they may more readily
achieve their preferred octahedral coordination, or slightly
displaced from this position, where a distorted tetrahedral
coordination can be attained.

In contrast to the trivalent dopants, substitution of
divalent Zn for Cu results in an unusually rapid depression
of T., with a typical value of 11 K/at.%. A single-phase
material can be maintained up to about x = 0.10-0.16 in
YBap (Cuj-xZny)30y. The structure, however, remains orthor-
hombic up to the highest dopant concentrations. Earlier and
later neutron diffraction measurements gave different
results: one indicates that Zn populates both sites and
somewhat prefers Cul sites; the other shows Zn occupancy
only on the Cu2 site. In either case, it is remarkable that
the small concentration of Zn ions on Cu2 sites is respon-
sible for the severe degradation of superconductivity. This
unique behavior is often attributed to its filled d-level
electronic structure; band-filling of 3d holes decreases the

density of states at the Fermi energy. The Zn ions may also
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cause local distortions in the Cu2 planes; such defects are
capable of inducing magnetic moments through localization
effects, which could conceivably cause magnetic pair-break-
ing.

Unlike the Zn-substituted species, neutron diffraction
measurements indicate that Ni substitutes only at the Cu2
site. However, for this magnetic ion, superconducting pro-
perties degrade less quickly than in the case of nonmagnetic
Zn (Fig.12).

The 3d metal substitution studies have helped clarify
the relative role of the chains and planes with respect to
the superconducting properties. Because a Ni or Zn substi-
tution for Cu in the planes causes T to decrease faster
with dopant concentration than when the substitution is Co,
Fe, or Al for Cu in the chains it was sudggested that super-
conductivity is confined to the CuO, planes and the role of
the chains is to act as a hole carrier reservoir coupling
the planes. Thus a chemical-structural unit (not necessarily
a Cu-0 chain, e.g. also the BiO or T1l0 layers in high-T¢
bismuth or thallium copper oxides shown in Fig.3), capable
of acting as a hole reservoir to provide an electronic
coulping between CuO; planes, appears to be necessary for
the occurrence of superconductivity in these materials.

Partial substitution of the monovalent ion, Lit for cu
in superconducting YBapCu3Oy has been studied by Suchow et
a1l40], They found that Li (x<0.15) elevates T, slightly be-

fore depressing it (from x=0.15) in nominal YBaZCu3_xLixoy.
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I.4.3.2. Barium substitution effects

When Ba in YBaj3Cu307 is progressively replaced by an
isovalent element, Sr, the T, is lowered and the resistivity
of the material above the critical temperature continuously
increases.[41] In YBaj-_yxLaygCu3Oy, the structure becomes
tetragonal with increase in x and the T of the orthorhmbic

phase decreases with increase in x.[42,43,44,45,46]

I.4.3.3. Substitutions for Y in YBapCu3Oy -

Substitution of trivalent Y by ions M of lesser charge
in (Y1-xMyx)BazCu3zOy has been performed for M = cal42,43,47]
and M = Na.[%48] The limit of solubility of Ca for Y has
been variously reported as being between x = 0.2 and x =
0.5; the structure remains orthorhombic over the Ca dopant
range, although the orthorhombic distortion slightly de-
creases. Superconducting transition temperatures remain
high. Substitution of Na for Y permits higher solublity, up
to x = 0.5. For this (Yj_yNay)BapCu3Oy system, 1little
degradation of T occurs up to x = 0.3, where To = 80 K;
however, T, drops quickly thereafter to about 40 K at x =
0.5. The increasing development of magnetic moment with
increasing x was observed, which, if not due to impurity
phases, may indicate a conversion of cu3t to cu?*. such
behavior probably reflects a tendency toward greater oxygen

deficiency with increasing dopant concentration.
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Isovalent substitutions for Y in YBapCu3Oy brought about
both successful and unsuccessful results in terms of super-
conductivity. Shortly after YBapCu3Oy was found, the lantha-
nide analogues LnBapCu3jOy with To = 90-94 K were discovered,
where ILn is a lanthanide element except for Ce, Pr, Pm, and
Tb (Pr-123 is nonsuperconducting and Tb-123 and Ce-123 can-
not be formed due to the stable tetravalent state of Tb and
ce).l7]

Substitution of lanthanum for yttrium in YBapCu3Oy has
proven to be unusual among the rare-earth-substituted high-
T~ compounds, sincé LaBaCuj30y is a superconductor but with
a lower transition temperature, typically around 50 K. The
lower T, correlates with structural properties and has been
attributed to disorder on the La and Ba sites [as 1in the

formula La(Baz_XLaX)Cu3Oy] and/or oxygen vacancy disorder.

[49,50,51,52,53,54] 3+

Because the La ion is the largest

trivalent ion in the rare-earth series, it most readily

2* jon so that the stoichio-

substitutes for the larger Ba
metric LaBapCujOy was not synthesized for a long time. Under
special synthesis conditions, a superconducting onset
temperature of 95 K and zero resistance temperature of at

least 80 K have recently been attained in LaBa2Cu3oy.[55'56'

57) since conventional sintering under an oxygen atmosphere
is known to produce LajiyBaz-xCu3jOy, in which La is subsiti-

tuted for Ba in the crystal lattice, a special method called

"gas exchange techniques" (Fig.13)[57] was used to obtain
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the stoichiometric LaBajCu3Oy compound. It was shown that
during the initial inert atmosphere sintering step, LaBaj-
Cu3Oy powder decomposes, in part, into several intermediate
compounds. These compounds are then recombined in the sub-
sequent oxygen atmosphere sintering step to form LaBajCu30y,
which achieves zero resistance at temperature above 90 K. It
was proposed that the net effect of these two processing
steps is to inhibit the substitution of La for Ba in the

fully processed material.

I.5. Substitution of Bi for Y: Questions and Significance
The substitution of Bi for Y ( or other rare earth
elements, e.g. Nd ) in RBajCu307 ( R = Y, Nd, etc.) is par-

ticularly interesting because there are significant

aspects in practical applications and theoretical studies.

I.5.1. Substitution of Bi for Y: a possibility

The most serious problem in practical applications of
YBa;Cu307 relates to the 1low critical current densities
(generally of the order 107 a m'2) observed in polycrystal-
line ceramic samples.[58'59] These values compare with 102-
1011 A n™2 reported for single-crystal, thin-film samples.
[60,61] The major cause of this problem is probably the
presence of non-superconducting or insulating barriers
between the superconducting grains in sintered specimens.

Whereas the replacement of yttrium with other rare-earth

elements has shown no improvement in c¢ritical current
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densities or room temperature resistivities, it was reported
that Bi substitution resulted in an improvement of inter-
grain contact in this polycrystalline material and reduced
the normal state resistivity by factors of 2 to 7. (62,63,
64] This effect was rationalized in terms of the low melting
point of the Bij;0O3 starting material causing it to act as a
flux during the sintering process. In this way, it seems to
be possible to bring about a large increase in the low
critical current densities of this new ceramic superconduct-
or and make its use practical.

Due to the important implications of these observations,
many researchers conducted re-examinations of the structural
and electrical effects of Bi substitution in YBajCuj30y.
[65,66,67] The results concluded that no significant degree
of doping could be obtained before phase segregation occur-
red. The minority phase has been identified as Baj3BiYOg, and
its structure(cubic) has been shown by powder X-ray diffrac-
tion to be based on perovskite, with an ordered arrangement
of Bi®T and Y3t in the octahedral sites. This phase is
insulating, and its presence in YBayCu30y samples results in
an increase in the normal-state resistivity.

As an unidentified phase, Baj;BiYOg was first found by
Spencer and Roel®8], who determined a = 8.55 A. Blower et al
(65] first gave a detailed procedure of BasBiYOg structure
refining and its structure (Fig.14): face centered cubic,
Fm3m, a = 8.5675(6) A. Zhuang et al [66] obtained the same

space group, Fm3m and a lattice constant with little diffe-
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Figure 14. Structure of BajyBiYOg. From Blower and

Greaves. (65]
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rence, a = 8.549 A. The fact that Baj;BiYOg is not supercon-
ducting perhaps provides more evidence for the assumption
that superconductivity occurs within the framework of a
three dimensionally connected bismuth-oxygen array in the
simple perovskite bismuth oxide-based superconductors men-
tioned above.

In spite of the conclusions, there are still some
questions unanswered. It is noted that all Bi substitution
experiments conducted by former researchers were carried out
under oxidizing conditions (in air or O3). In starting
material Bi,O3, Bi is 3+; but in BayBiYOg, Bi is 5+. If Bi3*
can be prevented from being oxidized to Bi5+, it may be
possible to prevent the non-superconducting phase, Baj;BiYOg,
from forming and to insert Bi3* into the Y sites.

In the YBajCu3Oy structure, the rare earth ion is 8-fold
coordinated (Fig.7). The differences between the effective
ionic radii (Table 5)[691 of Bi3* and Y3+, or Nd3+, or La3t

in C.N.= 8 are [(1.17-1.019)/1.0945]100% = 13.8%, or [(1.17-

1.109)/1.1395]100% = 5.4%, or ((1.17-1.16)/1.165]100% =
0.9%, respectively, which are less or much less than the

"maximum 15% rule" for solid solution formation. The differ-

ence between the ionic radii of T13% ana Y3* (C.N.=8) 1is
[(1.019-0.98)/0.9995]100%=3.9%, also smaller than the maxi-
mum-permitted 15%. From the views of charge and radius, the
substitution of Bi for trivalent rare earth , ¥, or Nd, or
La in the RBapCu3Oy structure seems to be possible if Bi3*

can be prevented from forming Bi®*. The substitution of Tl
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Table 5. Effective ionic radii ("IR") of selected jons[69]

Ion Coordination number (CN) r (A)
Bi3* 6 1.03
Bi3t 8 1.17
Bi°t 6 0.76
cu?t 4 0.57
cu?t 4 (square) 0.57
cu?t 5 0.65
cu?”t 6 0.73
cu3t (low=-spin) 6 0.54
Las* 6 1.032
Last 8 1.160
Na3*t 6 0.983
Na3t 8 1.109
r13+ 6 0.885
713+ 8 0.98
y3t 6 0.900

3+ 8 1.019
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for Y is probably much easier to realize since 713+ cannot
be oxidized to T1°" but it can, unlike Bi, go to the +1
state.

NdBayCu3Oy is isostructural with and exhibits properties
similar to those of YBaZCu3Oy.[8'7O] It was found that,
under certain conditions, the Nd-Ba-Cu-0 system 1is more
favorable than the Y-Ba-Cu-0O system for the formation of the

[71] rThis is another reason besides the

123 superconductor.
factor of atomic sizes why the Nd-123 material was the
primary focus in our research of the possible substitution
of Bi for the rare earth ions in the RBazCu3Oy, which is a
main topic of this thesis.

It should be pointed out that; although there is an

advantage for Bi3t to replace La3t

in LaBajCuj30y from the
radius viewpoint, substitution of Bi3* for La3t in LaBasCusz-
Oy is not a main topic of this thesis because, as mentioned

above, pure LaBapCu3Oy cannot be easily obtained.

I.5.2. Substitution of Bi for Y: significance

Bi and Tl possess some chemical and physical properties,
for example, electron structures, ionic sizes and electrone-
gativity, etc. which are different from Y and other rare
earth elements. As mentioned above, Bi and Tl raise Ty in
the other 1layer-structure compounds (Bi- and Tl-copper
oxides). If Y or some other rare earth elements in the 123
superconductors can really be replaced by Bi or T1l, some

changes in the properties, e.g., T. of the superconducting
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materials, might result so that the relationship between the
chemical and physical properties of the elements and the
superconductivity will be revealed.

Recently, some very interesting relations between
superconductivity and electronegativity of materials
including elemental, non-oxide, and oxide superconductors
have been found.[72:73,74,75,76]

A striking feature observed was that the average elec-
tronegativity (A ) of the different oxide superconductors
lies in a very narrow range from 2.50 to 2.65 while the
conventional non-oxide superconductors have X =-values well
below that of the oxide systems and, on the other hand, the
nonsuperconducting oxides with perovskite structure are
found to have ¥ -values above those of the oxide supercon-
ductors. (73] It was proposed that one of the criteria for
oxide materials to be superconductors is that their average
values should be in the range 2.5-2.65.

Nepela and McKay [76] a1so studied the correlation of
electronegativity and Ts of the new oxide superconductors.
They chose the difference (44 ) between the average electro-
negativity of all anions and the average electronegativity
of all cations in the compounds instead of the average
electronegetivity of all ions (positive and negative) to
demonstrate the relation between electronegativity and T..
They found that, for copper-based and some other compounds,

To scales linearly with 4% , i.e. Tr increases as 4) becones

larger (Fig.15).
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By recalculating the 4% of some superconducting Cu-O
systems, however, we found that the above conclusion does
not hold (Fig.16) unless Cu is omitted from the calculation
of g4 . It can be seen that, for all Cu-O superconducting
systems shown in Fig.16, T increases as 4% (without Cu)
increases in the same series. This means that, in the same
system, the more ionic the compound, the higher its T.
Indeed, this result agrees with the calculation employing
average electronegativity mentioned above.

Although so much information has been gathered, in order
to obtain direct evidence of effects of electronegativity
on To, it appeared desirable that further studies be made.
For example, if Bi or T1l, with higher electronegativity
(Table 6)[77] can be substituted for Y, Nd, or other rare
earth ions, the effects could be examined directly. Gordy
(78] proposed that the physical meaning of the electronega-
tivity is the effective electric potential acting on bonding
electrons at a crystal 1lattice point. Our study could,
therefore, contribute to understanding the connection
between the electrostatic action of electrons to crystal
lattice and superconductivity. It was also hoped that the
study would provide guidance for formulation of compounds

with higher T..
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Table 6. Electronegativity of selected elements[771]

Element Electronegativity
Y 1.2
Nd l1.1-1.2
La 1.1-1.2
Bi 1.9
Tl 1.8
Ba 0.9
Cu 1.9
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IY. EXPERIMENTAL

II.1. Sample Preparations

Preparations, based on the general formula Rj.yBiyBaj-
Cuz0y ( R = Y, Nd, etc.) with x-values from 0 to 1, were
made via several steps. First, appropriate quantities of
Y503 ( 99.99%, Research Chemicals ) or Ndy03 ( 99.9%,
Research Chemicals ), Bij0O3 ( 99.9%, J.T.Baker Chemical
Co.), BaCO3 ( Mallinckrodt Analytical Reagent ) and CuO
( Mallinckrodt Analytical Reagent ) were ground together
thoroughly.

Because Nd;03 usually changes to Nd(OH)3 in air at room
temperature, the Nd,;03 powder was first placed in an open
platinum crucible and heated at 1200°C for one hour. X-ray
diffraction proved that pure Nd,03 was thus obtained.

The ground mixtures were transferred into open porce-
lain or high-density alumina crucibles. It was found that a
liquid phase usually occurred in the samples containing Bi
after reaction above 900°C; in these cases, the alumina
crucible was found to be more resistant to chemical attack
than the porcelain crucible. It was therefore chosen here in
order to prevent contamination of the products. |

Synthesis reactions were carried out in a Harper muffle
furnace with automatic temperature control (+10°c) at
desired reaction temperatures which depended on sample com-
positions. For Yi-xBixBapsCuzOy (0 < X < 0.5), the tempera-

ture gradient was set at 920° to 970°C, and for Ndj.-xBiyBas-
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Cuz0y (0 < x < 0.5), 880-950°C since the melting point of
Nd;03 is lower than that of Y303 (Table 7) and NdBapCujOy
was found to be formed more easily than YBapyCuzOy at lower
reaction temperatures. For the samples in the same systen,
it was found that, at a given reaction temperature, as more
Bi,O03 was added, more liquid phase occurred; this resulted
in coarse and non-uniform crystal grains and thus poor Tg’s.
In order to eliminate this effect and attain uniform crystal
grains in samples with different Bi content, desired
reaction temperatures were achieved simultaneously by
placing different samples at different points along the
natural temperature gradient of the furnace; i.e., the pure
YBayCu3Oy (or NdBajCu3Oy) at the highest temperature posi-
tion and the sample with maximum Bi (x = 0.5, for example)
at the lowest temperature region. The samples were kept at
these temperatufes for 10 - 20 hours to effect complete
reaction and then rapidly cooled by removing them from the
hot furnace (i.e. air-quenching), or else slowly cooled by
leaving them in the furnace with the power off overnight.
Any special reaction atmosphere other than air was obtained
by passing the special gas over the reactant mixtures in a
one-end-closed combustion tube in the muffle furnace. The
cooled samples were reground and shaped into 1/2-inch-
diameter discs in a cylindrical die in a Carver hydraulic
press at a pressure of 0.14 - 0.28 GPa( 2.0 - 4.0 X 10% 1bs

/in2 ). The pellets were then placed in the furnace or the
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Table 7. Melting points of selected compounds[79]

Compound Melting Point (°C) Compound Melting Point (°C)
Bi,05 82543 BaCO3 1740

Cuo 1326 Gd,03 2330%20
Lajy05 2307 Nd,03 227220

T15,05 7175 Y503 2410
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combustion tube at the same temperature and in the same
atmosphere as in the prereactions for 1 - 4 hours for final
sintering and then they were cooled slowly in the furnace to
below 400°C to ensure the formation of the orthorhombic
structure for the samples reacted in air. In order to in-
crease oxygen content or reintroduce oxygen, some samples
were annealed in air or O, (flow rate 31 cc/min.) at 250 -

500°C for several hours up to several weeks.

I1.2. X-ray Diffraction Investigations

All of the prepared samples were studied by the x-ray
diffraction powder method to obtain information on phase
compositions and structures of the samples. CuKx radiation
and 57.3 mm-diameter Philips powder cameras were employed.
Experimental parameters were as follows:

accelerating voltage: 35 kvolts; lamp current: 15 mA;

filter: Ni; film exposure time: usually 5 hours.
The x-ray patterns obtained were first measured and then
compared with the data of related compounds documented in
the literature (see APPENDIX I) or, simply, compared with
the x-ray patterns of some pure compounds, which were
measured by the same x-ray machine as the samples, to

identify the crystal phases formed.
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II.3. Microscopy

An optical transmission microscope was used to identify
different phases with different colors in the samples. The
magnification used was 440x. In order to obtain a clear

image, the o0il immersion method was adopted.

II.4. Thermogravimetric Analysis ( TGA )

A TGA7 Thermogravimetric Analyzer (Perkin-Elmer) was
used to study the processes of oxygen absorption by oxygen-
deficient phases on annealing. Heating rate was 40°C/min.
Heating was performed from room temperature to 800°C in an
atmosphere of air. Sensitivity of the thermal balance used
is 0.001 mg.

Samples were heated in an oven at 150°C for more than 2
hours to eliminate any moisture in the samples before ther-
mogravimetric analysis. The weight of each sample tested was
approximately 80 mg. From RBajsCu3Og to RBajsCu307, the weight
change is 16 atomic units. Therefore the absolute weight
change for 80 mg of YBajCuj30g (formula weight=650.19) chang-
ing to YBapCu307 is (80/650.19)16=1.969 mg, [for NdBajCu3Oy,
the change is (80/705.48)16=1.8144 mg because 705.48 is the
formula weight of NdBajCuj30g), which is much larger than the
detection limit of 0.001 mg. This shows that the TGA method
is one of the most powerful methods to study changes of
oxygen content in RBapCu3Oy compounds during heating or

cooling in different atmospheres.
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II.5. Electrical Measurements

Electrical conductivity was measured on cooling from
300 to 4 K using a standard four-probe method with In sol-
der contacts at AT&T Bell Laboratories, Murray Hill, New

Jersey.

It was found that rate of cooling affects the results of
Tc. measurement, i.e., the higher the rate of cooling, the
lower the apparent T, obtained. For example, for a sample of
NdBayCu3Oy, its onset of Tc is 85 K at 20 K/min of cooling
rate; but 89.6 K at 10 K/min. In order to eliminate the
measurement error, a constant cooling rate (8 K/min) was

maintained below 200 K for all samples tested.

III. RESULTS AND DISCUSSION

IIT.1l. Y3.xBiyxBayCu30y System

The phase analysis by the x-ray diffraction powder me-
thod ( Table 8.) shows that, in air, Bi3* does not enter
into the YBayCu30Oy ( ¥-123, for short ) structure since it
is very easy for Y-123 and BajyBiYOg to form. However, the
formation temperature of VY-123 is lower when Bij03 is
present. These results are the same as those obtained by

former researchers.[65'66'67]
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Table 8. X-ray phase analysis in the Y;_yxBiyBazCu3Oy

system

Phase compositions
X in Yj_-y- Reaction ——————

BiyBayCu30y conditions Y-123 BaBiY® BaCuO, BaCO3 CuO Cuj0

0 - 950°C, 16h,air yes no no no no no
0.1 940°C,20h,air yes vyes 2  no  tr® no
0 940°c, 7h,Ny ? no no yes tr vyes
0.1 960°C, 7h, Ny ? yes no yes no tr
0.2 840°C, 7h, N, ? yes no yes 22

0.2 940°C, 7h, N, ? yes no vyes tr tr
0 940°C, 7h,Ar ? no no vyes tr yes
0.2 940°C, 7h,Ar ? yes no yes tr vyes
0.2 930°c, 20h, Ar ? yes no no ? ?

a: BaBiY means BajBiYOg.
b: ? means that it is uncertain whether the phase is
present.

c: "tr" means that a trace of the phase was observed.
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In inert atmosphere ( N or Ar), however, even on heat-
ing at higher temperatures and for 1longer times; Y-123 is
still difficult to produce while some BajBiYOg has already
formed. The results (Table 8) show that the formation tem-
perature of BajyBiYOg in N5 is below 840 °C. The formation of
Baj;BiYOg needs an oxidizing condition to increase the Bi
oxidation state from 3+ to 5+. There are two possible rea-
sons for BasBiYOg to form in inert atmosphere: the first is
the possibility of oxygen impurity in the inert gases; the
second is that part of the Cu is reduced from 2+ to 1+ to
provide the oxygen needed. The second reason can be proved
from the experimental results shown in Table 8. i.e., in
air, there is no Cuy0 present in samples either with or
without Bi; in N5 or Ar, however, there is Cuj0, derived
from reduction of CuO (or really Cu2+), present in almost
all samples. It should be pointed out that Parent et a1l80]
also found that no YBajCu3Oy phase could be obtained from
preparations in inert atmosphere.

Noel et al [71] indicated that, of three RBapCujzOy
systems, where R = Y, Gd, or Nd, the Nd-Ba-Cu-0 system is
the most favorable for the formation of the R-123 supercon-
ductor because secondary phases are present in smaller quan-
tities. It has also been mentioned before that NdBaj;Cu3Oy is
isostructural with YBapCu30y and has properties similar to
those of YBajCu3Oy; also the difference in radii between

Nd3*t ana Bi3t is only 5.4%. In order to continue the resear-
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ch on Bi-doping of RBajCu3z0y in inert atmosphere, the Nd-Ba-

Cu-0 system was then chosen and focused upon.

III.2. Nd;.yxBiyxBaCu30y System
IIT.2.1. Preparations in air

It was found that NdBaéCU3Oy ( Nd-123, for short ) could
be prepared by heating at 930-970°C for 7-20 hours in air.
By x-ray diffraction analyses, it was noted that, similarly
to Y¥-123, a tetragonal Nd-123 would be obtained by fast
cooling from the calcining temperature, and an orthorhombic
Nd~123 obtained by slowly cooling in the furnace to room
temperature (the photographs of x-ray patterns of these two
types of Nd-123 are shown in APPENDIX II).

As in the Y-Bi~-Ba-Cu-O system reported by other resear-
chers,[67] the calcined products in the Nd-Bi-Ba-Cu-0 system
displayed gradual color variation ranging from black to
brown as the Bi addition increased.

As Table 9 shows, with Bi doping, a new minority phase
is present at x > 0.05. The x-ray pattern of this new phase
is similar to that of BayBiYOg although there are some
shifts between them since Nd3+(r=1.109 A fdr CN=8) is larger
than ¥3% (r=1.019 A for CN=8). Pure Baj;BiNdOg was then
synthesized and found to have an x-ray pattern identical
with that of the new phase. Therefore the new phase is
assumed to be BapyBiNdOg which has an isostruture of BajyBiYOg
and a lattice constant, a=8.703 A (see APPENDIX II for the

x~-ray pattern of Baj;BiNdOg).
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It was found that, as x increased, the amount of BajsBi-

NdOg also increased but there was no change in the lattice

constants of Nd-123 as Bi-doping proceeded. This might mean

that most of the Bi3t ions do not enter into the lattice of

Nd-123 and the maximum possible doping level is very low or

even close to zero.

of Nd-123,

the assumed reaction equation,

Assuming all Bi3*t

ions remain outside

(1-x)/2 Nd,03 + x/2 Bi,O3 + 2BaCO3 + 3CuO ---> xXNdBiBa,Ogq

+ (1-2x)NdBajCuzOy + 2xBaCO3 + 6xCu0 + (2-2x)COy,

shows that some BaCOj3 and CuO should remain unreacted. In

(1)

air or 0p, at above 800°C, the remaining BaCO3 and CuO may

react to form BacCuO;,

shown in Table 9.

Table 9.

(81]

which

X-ray analysis for Ndj_.yBiyxBapCu3Oy

prepared in air

agrees with the results

¥ in Ndj;.y- Reaction

BixBayCuj0y conditions

Phase compositions

Nd-123 BaBiNd2® BaCuO; BaCO3 CuO Cu,0

950°C, 20h
950°C, 16h
800°C, 14h
950°¢C, 6h

720°C, 13h

yes
yes

no
yes

no

no
yes
yes
yes

(BaBiO3)

no
tr
no

yes

no no
no tr
yes yes
no yes
yes yes

no

no

no

no

no

a: BaBiNd means Baj;BiNdOg.
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As in YBajCuj3Oy, the To of NdBayCu3Oy also largely
depends on the thermal history of the sample since this
history will seriously affect oxygen content of the compound
and thus the structure of the compoundf The electrical
measurements shown in Fig.17 (and also in Table 10) indicate
that the normal resistivities of the samples with Bi doping
are increased and the metallic behavior of pure Nd-123 is
gradually changed to a semiconducting one as Bi replacement
proceeds. At x < 0.3, the transition temperature range
becomes broader as x increases though the onset of To is not
obviously affected. These changes are caused by the presence
of the non-superconducting phase, Baj;BiNdOg. At x > 0.3, the
influence of Baj;BiNdOg becomes larger as the relative amount
of the phase increases, and T, of the samples decreases
while the transition range is even broader. The samples with
nominally more than 50 mole % Bi [i.e. Bi/(Bi+Nd)100%] dis-
played no superconductivity at all. From the results obtain-
ed here, it can be concluded that there is a similarity be-
tween the Nd-Bi-Ba-Cu-0 and Y-Bi-Ba-Cu-0 systems in oxidiz-
ing atmosphere.

Yang et all82]) founa that, in the Y-Bi-Ba-Cu-O systen,
BaBiO3 is formed at temperatures below 650°C; the binary

compound then reacted with Y503 to form BajBiYOg at higher
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Figure 17. Electrical resistance vs. temperature for nominal
Nd; .xBiyBayCu3Oy prepared in air and then annealed in Op at
400°C for 40 hours: (a) absolute resistance (note: e.g., 2.0
means 2.0 x 10~ 1 ohms); (b) R/R300 (R300 means the room
temperature resistance of the samples). The onset, midpoint,
and R=0 temperatures of transition are listed in Table 10.
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Table 10. Onset, midpoint and R = 0 temperatures of
superconducting transition for nominal Ndj.yBig-
BazCuzOy made in air (Fig.17) or Np (Fig.18) and

annealed in air or Oy

Transition temperature (K)
X in 0 @ memmeemee e e
compound Onset Midpoint* R =0

(see Fig.17)

0 92 87 81
0.1 92 89 78
0.2 93 85 77
0.3 91 86 72

0 92 78 57
0.05 94 78 46
0.1 | 88 - | , -
0.2 85 - -
0.3 | 83 - -

[see Fig.18 (b)]
0.1 (curve 1) 70 - 26

0.1 (curve 2) 30 - -

* Temperature at resistance midway between zero and the

resistance just prior to onset.
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temperatures (700°C to 950°C ); completion of BayBiYOg
formation is not realized until 950°c.

It should be pointed out that the x-ray diffraction pat-
terns of BaBiOj and Baj;BiNdOg are very similar to each other
(see APPENDIX II) since the difference of ionic radii of
Na3*t and Bi3t is very small ( 5.4% ) as mentioned before. It
was very hard to tell the two phases from each other by the
x-ray method alone because of similarity of their x-ray
patterns. However, under an optical transmission microscope,
the BaBiO3 and BayBiNdOg made in inert atmosphere were
observed to have different colors, blood-red and yellow-
brown, respectively.

At 800°C, BayBiNdOg (or BaBiO3) was found to have formed
in air while Nd-123 had not yet formed. On comparing the
sample reacted at 930°C to one reacted at 950°C for the same
period of time, 16 hours, it was also found that the ratio
of Nd-123 to BajyBiNdOg in the latter was higher than that in
the former. These results show that the formation of Nd-123
needs a higher temperature than that of the Ba;BiNdOg phase.
In other words, a higher temperature is more favorable for
Nd-123 formation. The preparations of Ndj;.yxBiy BapCu3Oy in
inert atmosphere ( N5 or Ar ) were, therefore, all carried
out in such a way that the one-end-closed combustion tube
containing the raw mixtures in the crucibles was put in the
furnace after the reaction tempefature, over the range 880-

950°C, had been reached by the empty furnace.
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IIT.2.2. Preparations in inert atmosphere
III.2.2.1 Reactions in inert atmosphere

It was found that all reactant mixtures with or without
Bi were difficult to react completely in N or Ar at the
same calcining temperatures for the same period of time as
in air. In other words, the completion of the reactions
needed a much longer time if the same temperature as in air
was used. A longer time instead of a higher temperature was
adopted because it was found that the crystal grains of
samples became very coarse and non-uniform at the high
temperature; this is detrimental to the superconductivity of
the products. The x-ray diffraction results of the samples
are éhown in Table 11.

X-ray patterns of the final sintered pellets indicate
that Nd-123 formed in N; or Ar is not orthorhombic but
tetragonal even if it was cooled very slowly in the furnace
to room temperature in the inert atmosphere. This result is
expected since in inert atmosphere there 1is not enough
oxygen to provide for the structure transition from
tetragonal to orthorhombic so that a tetragonal structure
will be kept below the temperature of the T-0 transition
under oxidizing conditions. The x-ray pattern of Nd-123,
rapidly cooled after preparation in inert atmosphere, was,
however, a little different from that of the tetragonal Nd-
123 made in air: some x-ray diffraction line doublets of
the tetragonal Nd-123 became single lines, which may be

caused by the deficiency of oxygen.
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Table 11. X-ray phase analysis for Ndj_yBiyBayCu3zOy

prepared in Njp

Phase compositions
x in Ndj_yx- Reaction =—---—----=s—cmmremm e

BiyBayCu30y conditions Nd-123 BaBiNd BaCuOp; BaCO3 CuO Cup0

0 920°c,10n vyes no no yes yes vyes
0 950°C,20h  yes no no no no no
0.05 920°C,20n vyes ? no no no ?
0.1 920°C,20n yes ? no no no tr
0.2 940°c,21h yes ? no no no tr
0.3 920°c,21h yes  yes no no no vyes
0.7 920°c, 20n tr yes no yes yes yes
0.9 920°¢c,10h ? yes no yes tr vyes
1 900°Cc,10h no  (BaBiO3) no yes yes no
1 940°C,10h no  (BaBiO3) no yes tr vyes

At x < 0.2, it was very difficult to find BajBiNdOg in
the x-ray patterns although there were some extra lines
besides the lines of NdBazCu30y. This appeared to show that
the inert atmosphere prevents this non-superconducting phase
from forming. On careful study, the lattice constants of Nd-
123 were found not to change as x increased from 0 to 0.3 or
even higher. But as mentioned before, the size difference

between Nd3' and Bi3% is very small and the x-ray patterns
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3+

a3+ replaced part of the Bi in

showed little change when N
BaBiO3. Therefore by the x-ray patterns alone, it is hard to

3* jons enter the Nd sites in Nd-123.

say whether or not Bi
It was noted, however, that some Cujy0 appeared in the x-ray
patterns of the finally sintered samples. This result
indirectly confirms that it is impossible for all Bi3* ions
to enter the Nd3* sites even under the inert atmosphere
conditions if one considers the stoichiometry of Ndj_yBiyx-
BayCu30y (i.e., there should have been no Cuz0 remaining if
all the Bi3* had entered the Na3¥ sites.). Where are the
Bi3' jons if they are neither in BasBiNdOg nor in Nd-1237
The question will be answered later after presenting
additional experimental results.

At 0.3 < x < 0.5, in inert atmosphere, Baj;BiNdOg ob-
viously formed and coexisted with Nd-123. Trace quantities
of BijO3 and Nd;03 were also found in the sintered samples,
which showed that the reactions are difficult to carry out
completely in inert atmosphere. At 0.5 < x < 1, not only did
Nd-123 gradually disappear, but also BajyBiNdOg stopped

1+ in order to provide

forming unless cu?t was reduced to Cu
oxygen for the formation of the latter.

From Equation (1) on page 55, it can be derived that, at
x > 0.25, two compounds, NdBajsCu3Og and Baj;BiNdOg could not
form at the same time if no oxygen is introduced from out-

side the system.

The number of oxygen atoms in the left side of the
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equation =
1.5(1-x) + 1.5x + 6 + 3 = 10.5 (i)
The number of oxygen atoms on the right side of the
equation =
6X + (1-2xX)y + 6x + 6X + 2(2-2x) (ii)
If y = 6 and (ii) > (i), we have,
6x + (1-2X)6 + 6X + 6X + 2(2-2x) > 10.5,
X > 0.25.
However, our experimental results showed that both phases
coexisted up to x=0.5; there are several reasons for this:
i) . oxygen impurity in N, or Ar used; ii). a little leakage
from the open end of the combustion tube; and iii). perhaps

the most important reason:

2CU0 ~=m—= > Cuy0 + 1/2 Oy (2a)
or actually because the cu?t may no longer be present as
CuO:
2cu?t + 207 —=-e-- > 2cult
LA — > 1/2 05 + 2e”
2cu?t + 027 ——-- > 2cult + 1/2 05 (2b)

In fact, Cuy0 was found even in the pure Nd-123 samples
which reacted incompletely although Cu;0 finally disappeared
when the reactions were totally finished (see Table 11). In
the cases of Bi doping, however, Cuj0 could always be found
even if the reactions were complete, or sometimes the react-
ions could not proceed further because there was not enough

oxygen for the reactions to be completed. It was also noted
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that there was no BaCuOj in the final products reacted in Nj
or Ar although this phase formed in air; instead, Cuy0 and
BaCO3 were found separately. This indicates that Cuj0 cannot
react with BaCO3 to form BaCuOj; under non-oxidizing condit-
ions, as 1is to be expected. The same situation applies to
the formation of BaBiOj3. At x=1, there was no BaBiO3 form-
ed in inert atmosphere if CuO0 did not change into Cuj0 and
vice versa (see Table 10). In fact, the reaction equation,

1/2 BipO3 + BaCO3 + 1/4 Op —-—-——-— > BaBiO3 + CO5 (3)
shows that more oxygen must be provided beyond the two
compounds to finish the reaction, because the Bi3* must be
oxidized to (at least an average of) Bi%t. Therefore, part
of "CuO" in nominal Ndj;_yxBiyBazCuj3Oy system becomes an
oxygen source for the coexistence of NdBaj;Cu30g and BajBi-
NdOg at x > 0.25 and the formation of BaBiO3 at x = 1 in
inert atmosphere.

Zhuang et a1l66]) studied the nominal YBaj (Cuj-zBiz) 30y
(z = 0 to 0.9) system. Two phases, YBapCu3Oy and BapBiYOg
were found when z > 0.05; and one more phase, Cu0O, was found
when z > 0.1. With increasing Bi content, the content of
YBapCujOy decreased and that of BapBiYOg increased at the
same time. However, there were no changes in the lattice
paranmeters of the two phases. It was concluded that the
solid solubility of Bi in YBajCu3Oy is small.

Two more systems, NdBazCu3.zBizOy(z < 0.15) and Ndj_y-
BiyBajCujy,9Big,10y were therefore prepared in the current

study in order to determine whether Bi could substitute
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simultaneously or Separately for Nd and Cu in NdBa,Cu30y in
inert atmosphere. Because of size (see Table 5), any Bi

substituting for Nd is expected to be only Bi3* while any Bi

substituting for Cu is expected to be only Bi®t. The X-ray
diffraction results are shown in Table 12. It shows that, as
Bis03 is added in quantities > 5 mole% [mole% here = (Bi/(Bi
+ Nd))100], multiphase systems result: besides Nd-123, Baj-
BiNdOg, BaCO3, Cus0 and trace BijsO3 appeared in nominal
NdBapCu3-zBizOyi and BaBiNdOg, BacCO3, trace CuO, CuyO0,
Biz03 and Ndp03 in Ndj-y BiyBapCup, gBig,10y. There is no
evidence that Bi enters either Nd or Cu sites in Nd-123
because in either case single phases should have appeared in
the systems instead of the multiple phases.

Table 12, X-ray phase analysis for NdBaZCu3-zBizoy and

Ndl_xBixBazcuZ'gBio.loy prepared in Njp

Phase compositions
x or z in Reaction --------——---—-mmme e

samples conditions Nd123 BaBiNd BaCO3 CuO Cuy0 Bij03 Nd,0j3

z=0.05 930°C,10h vyes tr yes no yes tr no
0.15 930°c, 10h yes tr yes no yves tr no
x=0.1 930°Cc,10n yes tr yes no yes yes = yes
0.2 930°c, 10h yes tr yes no vyes yes yes

0.3 930°c, 10h yves yes yes tr ves yes yes
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III.2.2.2. Annealing to reintroduce oxygen

Due to the deficiency of oxygen, Nd-123 or possibly
(Nd,Bi)-123 obtained 1in inert atmosphere is a tetragonal
phase which exhibits no superconductivity. The finally-
sintered discs at 880-950°C were annealed at 300-580°C in
air or 250-480°C in Oy (flow rate 31 cc/min) for periods of
time ranging from several hours to several weeks in attempts
to insert oxygen into the oxygen-deficient phases and obtain
an orthorhombic superconducting phase. After annealing, the
tetragonal Nd-123 was changed into the orthorhombic one, but
at the same time, the cubic nonsuperconducting phase, BajBi-
NdOg, obviously appeared in the samples with less than 20
mole % Bi (x=0.2) down to 5 mole % Bi (x= 0.05) (see APPEN-
DIX II). Judging from the relative changes of intensities of
lines in the x-ray patterns of the samples, the amount of
Ba;BiNdOg depends on both the temperature and the time
employed in annealing. The higher the temperature or the
longer the time, the more BajyBiNdOg appeared. It was also
found that, for a certain sample, the phase appearing during
the annealing was always less than that obtained by directly
reacting in air.

It was noted that, through annealing, there was a sample
color change from grey to dark-brown while the intensity of
the x-ray patterns of Baj;BiNdOg changed from weak to strong.

The measurements of electrical conductivity (Fig.18)
indicate that the superconductivity of the samples pre-

pared in inert atmosphere is largely degraded even if the
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Figure 18. Electrical resistivity vs. temperature for
nominal Ndj-yBiyBajCus30s, prepared in N, and then annealed in
air or 0y: (a) all samp{es are annealed in O, at 480 °C for
40 hours; (b) 1- Ndg,k¢Big,1BayCu3Oy annealed at 340 ©c in
air for 20 hours and then in Oy for 20 hours; 2-
Ndg.9Big,1BapCujOy annealed at 340 °C in air for 40 hours;
3- Ndg,g95Big, os5BasCu30y annealed at 300 ©°c in air for more
than one week; 4- Ndp, gBig,2BapCu3Oy annealed at 300 °C in
air for more than one week. The onset, mid-point, and R=0
temperatures of transition are listed in Table 10.
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annealing procesé described is employed since it seems that
a perfect orthorhombic Nd-123 is not easy to obtain from the
oxygen-deficient Nd-123 in this way. There existed the dou-
ble-T~ phenomenon [Fig.18(a)] mentioned on Page 26. T. of a
sample largely depended on the history of the sample [Fig.18
(b)]. It has been reported(83] that the T, of Nd-123 is more
sensitive to the oxygen content than Y-123. Therefore, for
the Nd-123 made in inert atmosphere, a more effective meth-
od, e.g. plasma method[31}, might be needed if a maximum Tg
is expected to be reached. However, the plasma method requi-
res a long-time treatment except for thin films.

On comparing the results shown in Fig.18(a) and Fig.17
(b), it can also be found that the T, of the sample (with 30
mole % Bi) made in air is higher than the T of the sample
(with 10 mole % Bi) made in inert gas. This indicates that
the superconductivity of Nd-123 doped with Bi depends mainly
on the degree of perfection of the Nd-123 phase instead of
the amount of the non-superconducting phase, BayBiNdOg,
because the Nd-123 phase is actually in continuous physical

contact in samples with small amounts of Bi (0 < x < 0.3).

III.2.2.3. Where are the Bi ions?

One of the original goals of this research was the
substitution of Bi for Nd in Nd-123 in inert atmosphere.
However, this does not seem to have been realized according
to the experimental results obtained. For the samples made

in inert atmosphere, although it is hard to find Bajy;BiNdOg
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or Bi;O3 in their x-ray patterns at x < 0.2, the presence of
Cuy0 [ it should also have trace BaCO3 left at the same time
according to Equation (1).] indicates that it is impossible
for all Bi to enter the Nd sites as mentioned before. After
annealing at a relatively low temperature in air or O3,
BapyBiNdOg appears in the samples in which none of this phase
was observed beforehand. Where are the Bi3" ions before
annealing? How is BajBiNdOg produced at such low tempera-
tures during annealing? These two questions should be
answered if the possibility of substitution of Bi for Nd in
Nd-123 is to be understood. The following experiments were
designed to provide more information to answer these two
questions.

Former researchers[82] mentioned that Bi,O3 can react
directly with prepared Y-123 to form BajBiNdOg at tempera-
tures as low as 800°C in air. oOur results (Table 13) show
that Bip0O3 has already reacted with prepared Nd-123 to form
Ba;BiNdOg at about 880°C in either air or inert atmosphere,
N, or Ar. This means that BijO3 cannot exist unreacted above
880°c.

Another possibility is that Bij;03 may not be detected
by the x-ray diffraction powder method since the amount of
Bi,03 is relatively low ( at x = 0.2, the Bij;O3 content is
about 6 wt.%. ). In order to examine this possibility,

3+

mixtures of Nd-123 with 10 mole% and 20 mole% of Bi were

prepared.
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Before reaction (that is, with physical mixtures only),
Bi;03 showed up clearly in the x-ray pattern of the mixture
with 20 mole % Bi, although it was uncertain for the mixture
with 10 mole % Bi. With reactions above 880°C in either air
or Ny, as Table 13 shows, the x-ray diffraction lines of
Bi,O3 disappeared while those of Ba;BiNdOg emerged. How-
ever, Bij03 still occurred unreacted after the mixture was
heated at 550 OC‘in air for more than 40 hours. These resul-
ts show that BijsO3 does react with some of the compounds
included in this work at temperatures above 880°C even in N,
so that no Bijy03 remains after reaction. In other words,
Ba;BiNdOg appearing during annealing is not a product which
might be formed by the reaction of Bi;0O3 with the other com-
pounds at annealing temperatures even below 400 Oc.

Table 13. X-ray phase analysis for products of reaction

between Nd-123 and excess BijOj

Phase compositions

w in Nd-123 Reaction = ===—--———emme e

w/2 BiyOj3 conditions Nd-123 BaBiNd BaCO3 CuO Cus0 BijOj
0.1 550°C,>40h,air yes no no no no ?
0.2 550°C,>40h, air yes no no no no tr
0.1 910°C,9h,air ves yes no tr no no

0.1 880°c,4h,Ny yes tr no no tr no
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Since no Bij03 remains after reaction at the high tem-
perature (~900°C) even though Bajy;BiNdOg cannot be found in
the x-ray patterns of the samples, is it possible for part
of the Bi added in the nominal Nd;.yBiyBap;Cu3Oy system to
enter the Nd sites even though it has been concluded above
that it is impossible for all the Bi to enter these sites?
The answer is negative according to the experimental results
described below.

By using an optical transmission microscope, it was
found that a secondary phase with yellow-brown color
appeared even though a small amount of Bi (x > 0.05) was
introduced into the samples while the main phase, Nd-123, in
either tetragonal or orthorhombic structure, was found to
be black under the microscope. Oxygen-deficient BaBiO3 and
Ba;BiNdOg, which may be written as BaBiOy (z < 3) and
BajBiNdOy (x < 6), were synthesized by reacting in inert
atmosphere to determine the secondary phase. As mentioned
before, under the microscope, the former is blood-red and
the latter, yellow-brown. The secondary phase may therefore
be identified as oxygen-deficient Ba;BiNdOg or BasBiNdOy. By
the way, both BaBiO3 and Baj;BiNdOg made in air are, like Nd-
123, observed to be black under the microscope.

Thermogravimetric analysis was carried out for further
confirmation that the BajBiNdOy (oxygen-deficient Ba;BiNdOg)
had been formed before annealing. The results are shown in

Fig.19.
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Figure 19. TGA results for nominal Ndj-yBiyBaj;Cu30y samples:

(a)
No;

all samples prepared in ailr;
(c) both samples prepared in N and then annealed under

(b) all samples prepared in

the conditions indicated in the figure.
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Table 14. Temperatures of TGA onset and maximum weight
increase of the samples made in N (TGA at rate

of 40°c/min, in air)

Nominal compound onset (°c) Maximum (°C)
NdBa;Cu30y 280 400
Ndg.95Big, g5BazCusOy 270 440
Ndg,9Big, 1BayCuzOy 280 450

Ndg, gBig,2BazCusOy 280 400,560
Ndg,7Big,3BazCu30y 300 400,600

Ba,BiNdOy 305 570
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For the samples prepared in air or prepared in Ny but
annealed above 300°C in air or 05, the TGA traces showed no
weight increase (and, in fact, a slight decrease) as the
samples were reheated under oxidizing conditions (in air)
in the TGA from room temperature up to 800°C [Fig. 19 (a)].
This means that no detectable amount of oxygen is absorbed
by these samples which have an orthorhombic structure
confirmed by x-ray diffraction analysis mentioned above.

For the samples prepared in N5, however, their weights
increased during heating in air in the TGA [Fig. 19 (b)].
The weight increases resulted from oxygen insertion. It was
also found that different samples have different onset and
maximum weight increase (or oxygen absorption) temperatures
as shown in Table 14.

On comparison of thé oxygen-deficient Nd-123 and
BapBiNdOg to the samples of Ndj.yBiyBapCu3z0y (x = 0.05 -
0.3), it is seen that the temperature of the maximum oxygen
absorption shifts gradually from 400 to 570°C as x increases
from 0.05 to 0.3 while the temperatures of the maximum
oxygen absorption of the pure Nd-123 and Baj;BiNdOy are found
to be at about 400 and 570°C, respectively. This indicates
that BajBiNdOy, an oxygen-deficient Baj;BiNdOg phase, has
already existed in the samples with Bi addition (x > 0.05)
before being annealed, since the TGA traces of these samples
are a superposition of at least two phases: the NdBa;Cu30y
and the BajyBiNdOy prepared in inert atmosphere instead of

one phase, the Nd-123. The BayBiNdOy phase made in inert



75

atmosphere, like the tetragonal Nd-123, absorbs more oxygen
to improve or adjust its crystal structure when it is re-
heated in air at a relatively low temperature.

From the TGA results, it may also be concluded that,
although the tetragonal Nd-123 has a lower temperature of
maximum oxygen absorption than does the BajsBiNdOy made in
inert atmosphere, it would not be 1likely to be able to
reintroduce oxygen only into the tetragonal Nd-123 because
both of them have almost the same temperature of onset of
oxygen absorption (Table 14). In other words, being annealed
above the onset temperatures of weight increase, the tetra-
gonal Nd-123 will absorb more oxygen and gradually change to
an orthorhombic structure; at the same time, however, the
BasBiNdOy phase coexisting with the Nd-123 will also absorb
some oxygen to improve or adjust its structure although its
maximum oxygen content (x = 6) may not be obtained if the
annealing temperature is below its maximum weight increase
temperature, e.g. 570°C (at rate of 40%°/min in air).

One example is shown in Fig.19(c):; the nominal Ndg_ g-
Big,2BapCu30Oy sample, made in N» and then annealed in 0 at
480°C for 60 hours, shows no weight increase or significant
oxygen absorption during reheating in air in the TGA appara-
tus from room temperature to 800°c. However, the same type
of sample but annealed in air at only 300°C for more than
one week shows a weight increase or oxygen absorption during
the TGA reheating. This means that, after the annealing pro-

cess defined above, the former sample has already obtained
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enough oxygen for the phases in it, both NdBaj;Cu3Oy and Baj-—
BiNdOy; the latter, however, has not yet got enough oxygen
for both phases, especially the BajBiNdOy which needs a
higher temperature to obtain a maximum oxygen content com-
pared to NdBapCujzOy as mentioned above.

According to the TGA results shown in Fig.19(b) and (c),
it can also be seen that a lower annealing temperature is
more favorable to make the Nd-123 with a higher oxygen con-
tent and the Baj3BiNdOy with a lower oxygen content, 1i.e.,
vice versa. Therefore, by changing annealing temperatures,
one may change the oxygen contents 1in both NdBaZCu3OY and
Ba;BiNdOy in different directions, i.e., a higher oxygen
content of NdBapCu3Oy and a lower oxygen content of BayBiNd-
Oy may be obtained at a lower annealing temperature near the
temperature corresponding to a maximum weight increase in
NdBaZCu3OY; on the other hand, a lower oxygen content of
NdBayCu30y and a higher oxygen content of BajyBiNdOy may be
realized at a higher annealing temperature near the tempera-
ture for a maximum weight increase in BajBiNdOy.

It should be pointed out that, although an optimum orth-
orhombic NdBapCu3zOy might be formed while little oxygen has
been inserted into the BajBiNdOy by controlling annealing
temperature, i.e. using a lower annealing temperature, there
does not seem to be any possibility of obtaining a single
phase (Nd,Bi)BapCu3Oy compound in this way since the Bi has
remained outside the Nd-123 but has already entered the Baj-

BiNdOy after high-temperature reaction in inert atmosphere
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or before annealing in air or O3 (this will be discussed
further below). In other words, if the Bi doesn’t enter the
Nd-sites during reaction in inert atmosphere as our results
show, it 1is not 1likely that the Bi enters the Nd-sites
during annealing in an oxidizing atmosphere because, under

an oxidizing condition, Bi3t

will more easily be oxidized to
Bi5+, which has a smaller size than Bi3* (Table 5) and
prefers to enter an oxygen octahedron (CN = 6) as the Bi in
BaBiO3 or BajBiNdOg instead of an oxygen cube (CN = 8) as
the N@3% in Nd-123. This means that the Baj;BiNdOg phase and
its effects on superconductivity cannot be eliminated by
employing a more effective method, e.g. plasma method, than
the thermal annealing used in our study even though the
superconductivity of the samples with Bi made in inert
atmosphere might be further improved because a complete
formation of an optimum orthorhombic Nd-123 phase may be
realized in this way.

Now that the oxygen-deficient Baj;BiNdOy has formed in
inert atmosphere before annealing in air orloz, why is this
phase difficult to recognize via x-ray diffraction? The x-
ray pattern of the oxygen-deficient BajsBiNdOg made in inert
atmosphere showed some differences from that of oxygen-
normal Baj;BiNdOg made in air (see APPENDIX II): for the
former, i) the overall intensity is lower; ii) there are no
diffraction lines at the large-angle area; and 1iii) the
diffraction lines are generally broader and weaker. All

these characteristics are those of a phase with a poor
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degree of crystallinity.[84] Therefore, it is likely that a
poorly crystallized intermediate phase precursor (we call
it BayBiNdOy above) of BapyBiNdOg was formed in inert
atmosphere reaction before annealing in air or O, at a
rather low temperature ranging from 300 to 500°C.

There are two reasons why the oxygen-deficient Ba;BiNdOg
is not easily detected by x-ray diffraction: first, its x-
ray diffraction lines are too weak and broad; and secondly,
its relative amount is very small. With the annealing
proceeding in air or 0O,, however, the degree of crystallini-
ty of the phase is gradually improved so that the x-ray
diffraction intensities increase. Meanwhile, at x‘> 0.3, as
the relative amount of the phase increases, 1its x-ray
pattern strengthens. In both cases, the phase will become
easier to observe and identify. With these points in mind, a
trace of BajyBiNdOy (oxygen-deficient BasBiNdOg) phase was
observed in the x-ray patterns of the samples with Bi less
than 20 mole % (x < 0.2).

By using several methods including quantitative x-ray
phase analysis and scanning electron microscopy (SEM),
Zhuang et all®6] claimed that it seems that there is a small
amount of Bi dissolved in Y-123 phase. Like the Y-123
system, the possibility of trace substitution of Bi (x <
0.05) for Nd in Nd-123 may not be ruled out because of the
limitations of the instrumentation employed. But it is

believed that there would be a very small effect of such low

replacement of Bi for Nd on the superconductivity of the Nd-
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123 material as shown in the results obtained by the former
researchers[®2/66:,67] ang this research.

If the possible trace substitution of Bi for Y or Nd in
the 123 structure is neglected, for nominal Yj;-yxBiyBazCu3Oy

system, there are actually two reactions:

1/2 Y,03+2BaC03+3Cu0 ---> YBajCuj30g. 5+2CO5 (4)
1/2 ¥Y503+1/2 Bip03+2BaCO3+1/2 Oy —---> BayBiY0g+2CO0O5 (5)
Similarly, for the nominal Ndj;.yxBiyxBapyCu3Oy  system,

reactions are
1/2 Nd503+2BaC03+3Cu0 ---> NdBayCu3Og.5 + 2COp (6)
1/2 Ndy03+1/2 Bij03+2BaCO3+1/2 Oy ---> BapBiNdOg+2C05 (7)
Under oxidizing conditions, reactions (4) and (5) or (6) and
(7) can be finished at the same time. In inert atmosphere,
however, the reaction products are a result of competition
between (4) and (5) or (6) and (7) because there is
insufficient oxygen for both reactions to be completed. Our
experiments show that, in inert atmosphere, under the
reaction conditions employed, reaction (5) 1is easier to
complete than reaction (4) so that BajsBiYOg results while
YBaZCu3Oy has not yet formed; however, reactions (6) and (7)
seem to have roughly the same reaction rates so that both
BapyBiNdOy and NdBapCu3Oy result without normal (for the
former) or maximum (for the latter) oxygen content.
In the inert atmosphere of either N or Ar, cu?t is
reduced to cult while the formation of Ba;BiNdOg is also
hindered. That is, the oxidation of Bi from Bi3* to Bi®*

would be hindered. Even under this condition, however, it
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seems to be very difficult for Bi3* to enter the Nd sites in
Nd-123, which indicates that the environment for Bi in
BaBi0O3 or BasBiNdOg, in which Bi is surrounded by an oxygen
octahedron, may be more favorable than that in Nd-123, in
which Nd is surrounded by a distorted cube of oxygens. The
differences of physical and chemical properties (e.g., ionic
radius and electronegativity) between Nd3* and Bi3*t may also
contribute to the failure of Bi3' to enter Nd-123.

It has therefore been found both by previous researchers
and in the present study that Bi3* ions do not enter into
the rare earth sites in the 123 structure by simple solid-
state reaction of Biz03 and Y03 or Nd;03, along with BaCOj3
and CuO in either oxidizing or inert atmosphere. However
there might still be some possibility of such synthesis by
the procedure employed for LaBajCu307, which was mentioned
abovel®7), That is, there might still be some possibility of
obtaining (Y,Bi)=123 or (Nd,Bi)=-123 by changing precursors
of reactions so as to change the reaction procedure. With
precursors other than those used in this study and, as a re-
sult, different reaction procedures,va mechanism for Bi to
replace the rare earth in the 123 structure might result and

thus (Y,Bi)=123 or (Nd,Bi)-123 may be obtained.

II1.2.3. Preparations in reducing atmosphere
The x-ray patterns of preparations of Ndj_yBiyBazCujzOy

in a reducing atmosphere ( 95 % Ar with 5% Hy ) showed that
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Cu0 in the samples was completely reduced to Cu metal so

that the syntheses could not be carried out.

III.3 Some Other Systems
Besides Yj;-yBiyBapyCupOy and Ndj-yBiyBazCu3Oy, substitu-
tions for rare earth elements were attempted in some other

systens:

III.3.1. Y3.3xT1yBayCu3zOy

T13* has a radius similar to that of Y3 and cannot be
oxidized to T1°% (though Tt also exists). Is there any
possibility of Tl substitution for Y in ¥-123? Samples were
prepared in air at 910-950°C for 16-18 hours. The x-ray
patterns of the finally-sintered samples indicated the
presence of at least four phases, Y—123, Tl,03, CuO and
BaCO3. No changes were found in the Y-123 lattice constants
as Tl doping proceeded. It can be concluded from the results
that Tl does not enter the Y sites in Y-123. BajT1YOg did

not form in this case since T13% cannot be oxidized to T12%.

III.3.2. Laj, -xBigBaj, gCuzOy

A mixture of reactants designed to give the composition
Laj, 1Big.1Baj. gCu3zOy was heated at 940 °C in air for 20
hours. Four phases existed in the final product, La-123
(perhaps Laj , 2Baj, gCu3zOy rather than LaBaZCu3Oy.[39] ),
BaCuO;, CuO, and BajBilaOg, which has an x-ray pattern simi-

lar to both BayBiYOg and BajyBiNdOg and thus is isostructural
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with these two compounds. The lattice constant of BajBilaOg
has been determined in the current study to be a = 8.77 A.
This shows that this system is similar to the Y-Bi-Ba-Cu-O

and Nd-Bi-Ba-Cu-0O systemns.

IV. CONCLUSIONS

The possibility of substitution of Bi and T1 for the
rare earth elements Y and Nd (and also La) in the 123 super-
conductor structure in several reaction atmospheres has been
investigated.

In inert atmosphere (N, or Ar), ¥YBapCu3Oy is very diffi-
cult to form while the non-superconducting BasBiYOg phase
still forms as it does in an oxidizing atmosphere (air or
O5); there is no evidence that any detectable (Y,Bi)BajCujz-
Oy compound forms.

Under oxidizing conditions, as in the Y-Bi-Ba-Cu-0
system, both NdBapCuzOy and Ba;BiNdOg, which has a perov-
skite structure similar to BayBiYOg and is also a non-
superconducting phase, result simultaneously in the Nd-Bi-
Ba-Cu-0 system; there is no evidence for the formation of -
(Nd,Bi)BasCu3zOy in any detectable amount. The presence of
the minority phase Baj;BiNdOg in NdBaj;Cu30; samples results
in a broader superconducting transition temperature and an

increase in normal state resistivity.
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In inert atmosphere (N, or Ar), (Nd,Bi)BaZCu3Oy does not
form to any detectable degree while formation of both the
orthorhombic NdBapCu3zOy and BayBiNdOg is hindered since
there 1is not enough oxygen to complete the reactions. A
tetragonal NdBajCu3Oy and an oxygen-deficient intermediate
phase of BajyBiNdOy result in the inert atmospheres. The
oxygen-deficient BajyBiNdOy is poorly crystallized and can be
converted to a normal crystalline state by annealing in air
or Oy at a rather low temperature, that is, as low as 350°C.
Superconductivity of the samples is severely deteriorated
because the NdBajCu3Oy phase formed in inert atmosphere is
not easily changed by annealing in air or O, to an optimum
orthorhombic structure, which is responsible for a high T
in the 123 superconductors; meanwhile, there is an insula-
ting minority phase, BajBiNdOg, in the samples.

In reducing atmosphere (Ar with 5% Hy), CuO in the Nd-
Bi-Ba-Cu-0 system is completely reduced to Cu metal so that
the syntheses cannot be carried out.

In air, Tl does not enter the Y sites in Y¥-123 and Baj-
T1lYOg does not form because T13% cannot be oxidized to T1°7.

In an oxidizing atmosphere, BajsBilLaOg is also found to
be formed in the La-Bi-Ba-Cu-O system but no (La,Bi)BajCuj30y
appears. This means that, in oxidizing atmosphere, the La-
Bi-Ba-Cu~-0 system is similar to the Y-Bi-Ba-Cu-O and Nd-Bi-
Ba-Cu-0 systems; i.e., Bi does not replace the Y or rare
earth ions in the 123 structure but rather a nonsuperconduc-

ting perovskite phase, BayBiROg (R= Y, Nd, and La), results.
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* All the cards shown here and below come from: The Powder
Diffraction File (1964), ASTM special technical publication '
48-N2, published by the American Society for Testing and Materials.
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a A v 2 2.092 10 210
Ref igip, 1.9480 SO 300
1.842 | 100 211
' Rws ty Sign 1.605 0 220
v D mp Color 1.540 10 310
Ret. 1.417 20 311
1.392 10 400
1.311 15 401
1,290 10 410
EXY
S-O 58 4 MINOR CORRECTION
a | 3.0 | 2066 | 196 | 4308 | Tia0, *
1, 100 42 33 11 Tuartivu (JIT) Oxine
hki
Rad.CuKa, A 1.5805 Filter N1 a4 20 b 44 Vi
Dia Cut off Coll. 4.304 11 214 1.462 1 640
171, D. Co DifFractomeTER d corT. sba.? 3.042 | 100 222 1.434 3 721
Ref. SwanSON AND Fuvar, NBS CincuLan SM 2,816 3 321 1.409 2 642
2 2,638 [+ 400 1.339 3 732
Syx Cusic SG. 10 - 12,3 2,484 L3 411 1.718 3 ao)
5 10,543 by o A ¢ 2,357 2 420 {1.298 4 811
a 8 v 216 2.248 4 332 1.279 2 820
Ret, i81D, : 2,149 1 422 1.2597} 2 693
2.068 8 $10 1.2428 1 822
1.924 3 s21 1.2261] 3 831
ba nwg ty Sign .
a. Color 1,863 33 440 1.2094 6 662
y D0msme 08| 2 | 530 [ires] 4 | ee0
1,758 1 600 1.1646 1 910
SAMPLE FROM JOWNSOM MATTMEY CO. SPECT. ANAL.1} 14710 s 611 L} 2 921
<0.01% Ca,Mc,Na,L1; «0.001% Pg,AL,51,Cu. 1.668 2 620 1.1110 1 90
SA”LE ANNEALED AT 37(PC IN CLOSED TuBE. 1,628 4 L2 3 1.0874 1 932
X=naY PATTEAN AT 26°C, 1.%89 27 622 1.0764 2 844
1.554 [3 631 1.0649 1 941
1.422 6 44
Repiaces 1-0849, 2-1379 1:491 3 210
1970
5-0Q6 02 MINOR CORRECTION
4 2.98 1.97 2.28 341 | Lag0y *
72 100 63 53 34 Lantuanoa Oxine
Rad.CuKa, A 1.5405 Filtes N1 dA oy | 1ad [ |
Dia Cut off ColL 3.4 34 100 1.0301 7 213
1/1, G. Co DifFRacTOMETER d corr. sbe.? 3.063 31 002 1.0658 4 302
Rel. Swanson anD Furar, NOS Cracuian 539.YOL.W. 2.980 1 100 101 1.0220] <1 006
N 185 2,278 | sa 102 §0.9952] 3 205
Sys. Hexaconar §G. Dy - P321 1.968 | 63 | 110 | .9840) 3 | 220
a 3.9373 by € 6.1299 A C 1.557 | 1.753 52 103 971871 1 106
° Y Z1 1.705 4 200 «9453 1 <1 310
Ret Iato. 1,656 24 112 9372 3 222
1,642 17 201 J9345] 8 311
' nep ty Sign 1,532 3 04 29131 2 304
2y Dx6.573 mp Color 1,490 5 202 L9070] 2 116
Ref. 1,398 2 104 .8883( s 215
1.309 7 203 8766 1 206
SAMPLE FROM FATRuOUNT Crem. Co. SPrct. ANaL.t | 14289 2 210 .83831 4 313
<0.013 Ca,Ms,515 €0.001% AL,Cu,Fe,Pa. 1.261 | 12 u 8480 | 2 107
X<AAY PATTERN a1 260C. 1.209 6 114 .8443 1 401
1.1879] 4 212 8283 =2 224
1.1538] 4 105 L8050 | 1 314
1.1396 2 204 . 8007 2 117,216
RepLaces 2-0688 1.1367 4 0

1982
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Barium Copper Yttrium Oxide, BagCu3YOy;

Sample Data collection and analysis paramneters Comments
The sample was obtained from F. Beech of Radiation CuKa, The structure was determined by T. Siegris
the Reactor Radiation Division, NBS. A Scanned to 5° 28 and S. Sunshine o al!. The sample wa:
stoichiometric mixture of CuO, Y;O3 and Wavelength 1.5405981 A characterized by neutron Rietveld refinement
BaCO4 was inamately mixed and fired at Mean temperature  25.5°C technique by A. Santoro at NBS. Supercon-
300°C overnight. Reaction with container 26 standards Silicon, FP ductor with Tc of 92K. The compound was
was avoided by placing the pellet on a support first reported by Cava and Batogy®.
of the same material. The resulting powder Crystallographic constants
was ground and pressed into pellets and re- a = 38856 (3) A References
fired at 9500°C ovemnight. The pellets were b = 11.6804 (7) 1. Siegnst, T. & al (1987). Phys. Rev. Lett.,
reground, repressed, and fired at 930°C c =3818% to be published.
overnight. Final annealing tock place at . 2. Cava, R. #tal (1987). Phys. Rev. Lett., ta
2500 ab = 0.3327 be published
50°C for 27 hours under oxygen. ob = 0.3269 pu -
3
Color vV = 17330 & Y R R R
Black Z =1 s
: - 11.69 iw| of to 7.557
y Density (calc.) = 6.383 g/em 5,836 | o] 2] o0 15,189
Symmetry classifications 3.891 10 0ol 3} 0+ 22.833
Crystal system  Orthorthombic Figures of ment gg;? ; (1) g (IJ E’;l;i
Space group Pmmm (47) F3 = 66 (0.0091, 50) i >
Pearson symbol  oP13 My = 71 (continuen
Structure type Distorted perovskite
Barium Copper Yttrium Oxide, BagCu3YO; (wninu)
[~ &3 ™ok | 1] 20 &R) RN EEN 26(%) &R ™ w| k| 26(°)
s R ERE 27.893 1.5685 13 | 1] 32 58.826 1.2099 5] 0 313+! 79088
2618 L] o} 4o 30.618 1.5334 il 1| 71o 60.309 1.2015 3 2| 71 79.749
2750 55 1] 310 32.538 1.5292 1 0] 71 60.494 1.1844 1 1] 203 81.141
2725 100 1] o1+ 32882 1.4939 2 21 510 62.080 1.1763 2 2| 52 81.812
2.653 2 1] o1 33.757 1.48% 2 | 2| 4|1 62.262 11702 Iw| 3| 31 82.335
2.468 3 1] 21 36.370 1.4783 3 | o] 5]2+| 6280 1.1683 1 of10]o0 82.498
2.336 13 ] 0 5]0+] 38512 1.4225 2 1] 711 65.571 1.1551 1 1] 313 83.650
2319 s | o 41 38.799 1.3751 5 t2]6f0 68.134 1.1188 3 1]1w0]o0 87.028
2.2317 14 14 3|1 40.384 1.3666 5 14810 68.618 1.1161 6 2] 8] 1+] 87.287
1,990 2 1| 4 (14| 45524 1.3635 13 L 0] 8 1+ 68797 L1114 ¢ 1| 812 87.748
1.9 22 0] 610 46.633 1.3619 12 21 02 68.868 1.0861 1 30 5|1 90.351
19423 21 21040 46.725 1.2978 1 0{ 910 72.820 1.0792 I 2] 90 91.089
Lo 12 | o} o}2 47.580 1.295] iL| 3| o0]o 72.995 1.0734 1 0] 9] 2+ 9172
17732 4 L1} os 51.495 1.2865 2 1| 6|2+ 7356 1.0617 1 ofujo 93.027
1 TR 3 1 6|0 52.526 1.2657 1L 2 7 10+ 74.977 1.0551 i 2 712 93.786
17 4 0] 6! 92.733 1.2566 1 0] 72 75.615 1.0377 4 31 611 95.833
17144 2 [ 0] 32+ 53400 1.2341 | 2| 472 77.247 1.0333 4 30 3|2 96.394
1 6603 2 o4 710 34.997 1.2309 4 1 9 {0 77.480 1.0273 4 1 613 97.145
1 6595 1 2] 211 55.313 1.2286 6 0] 9|1+ 77.6%4
15637 2 1] 61 58.207 1.2263 5 3] 0]t 77.827

From: Powder Diffraction, Vol.2, No.3, 192-193(1987).
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Sample Crystallographic constants r 1 T 7 %
The sample was obtained from F. Beech a = 3.5878(2) A
of the Reactor Radiation Division, NBS, c = 11.8391(7) 1!3%32 g g g ; 1249?1;
USA. A stoichiometric mixture of CuQO, /a = 30689 3.947 6 | 003 22.507
Y703, and BaCOj was intimately mixed a=> . g-gg’g }(,: i g 0 5?022
and fired at 500°C overnight. Reaction V = 176.20 A3 ) ) 2 7374
with container was avoided by placing the Z =1 ) 2.759 100 11013 32429
pellet on a support of the same material. Density (calc.) = 6.128 g/cm3 gz,ig 512 : xl ? ggégg
T resuiting powder was ground and 2478 3 1y g2 36.216
pressed into pellets and refired at 900°C Figures of menit 2.3690 9 0y 045 37.951
and at 950°C.. Final annealing took place F3p = 131 (0.0063,36) 23484 [ 16 | 1] 0 |4 38.296
at 800°C for 1 hour under argon. Mg = 124 g»g‘l‘g(‘) ’; ; (‘) 3 40;?’
R 5 44 879
2.0066 5 T T 45.148
Color Comments 1.9731 5 0] 016 45.939
Black The structure was determined by neutron 75295 3 2T 0TS 050
. . . I
Rietveld refinement technique by A. San- 1.8338 1 240 |2 49.677
Symmetry classifications toro, et al. (1). The reduced form of high 1.7881 6 L I 51.036
i T d Ba.C O It 1.7566 1 1 0 6 52.019
Crystal systemn Tetragonal I3 SUP”COY(; uctor Ba;CuzYOy.,. Itis not 1.7330 2 2] 0|3 52.782
Space grou P4/mmm (123 a superconductor material.
P‘)ar N ’Pb | P12 (123) 1.7252 3] 21110 53.039
carson symbo t 1.6915 3 0 0 7 54.181
Reference 1.6565 5 211 42 55 422
R . : : 1.5988 8 1 1 6 57.607
Data collectton and analysis parameters I Samor.o, A., Miraglia, S., Beech, F, 1.5808 26 21113 58.326
Radiation CuKay Su.nshmt‘, S. A and Murphy, D. W,
2 1.5486 4 1 0 7 59.659
Scanned to 5°20 . (1987). Mat. Res. Bull., 22, 1007. 14934 51 21015 62.012
Wavelength 1.5405981 A 14000 O I B f2231
Meén temperature 26.7°C 13044 Iy 211145 67:062
26 Standards Silicon, FP
. . e .
Barium Copper Yttrium Oxide, BagCu3YQOg (continucd)

d 1 h k £ 26 d 1 h k ¢ 20 d H h k £ 28
1.3820 5 11018 67.752 12074 3 211 |7 79282 1.0843 4 31 [>» 90.531
1.3788 9 2 0 6 67.929 1.1948 1 3 1 2 80.284 1 .OZ(K) 1L 3 2 f_7 92.09‘1
1.3638 8 2 2 0 68.779 1.1841 i 0 0 |10 81.167 1.0618 2 2 2 7 93.012
1.2086 9 2 1 6 72.769 1.1839 4 2 2 5 81.349 1.0530 1 3 2 2 94.033
1.2891 2 212 |3 73.387 1.1794 3 31 0|4 81.555 1.0375 4 3|1 16 95.883
1.2862 1 3100 73.584 1.1654 2 30113 82.746 1.0328 5 3] 2 [3 96.467
1.2718 4 210 |7 74.556 1.1317 6 1] 0 |10 85.794 1.0237 iIL| 370 7 97 615
1.2566 1L 3 0 2 75.611 1.1279 3 3 1 4 86.153 1.0090 2 2 0 |10 99.535
1.2230 6 3 0 3 78.075 1.1234 4 2 1 8 86.575 1.0062 3 3 2 4 99.908
1.2198 10 3t o 78.324 1.0868 2 2109 90.270

From: Powder Diffraction, Vol.2,

No.2, 114-115(1988).




XRD Integrated Intensities of Ba2B1Y06 compound

hkt Teal Iobs o (Iong)
111 25.6 26.5 1.0
200 4,93 7.54 1.0
220 276.0 274.0 1.4
113 15.8 16.8 0.9
406G 79.6 81.5 1.0
331 7.28 5.48 0.9
224 116.0 123,0 1.1

333/115 5.59 5.67 0.9
440 50.5 52.5 1.0
135 5.45 5.41 0.9
620 51.6 52.1 1.0
VAN 17.0 15.9 0.9
246 63.8 63.2 1.0

Ry = 2.9%

Structural Parameters for BazBiYO6

Aton x/a ___y/b___z/c B(82) N*
Ba  1/4 1/4 1/4  0.3(2.3) 8
Bi 0 0 0 -0.2(1.3) 4
Y /2 172 1/2  -L.1(2.9) 4
0 0 0 1/4 1.0 24

Space Group Fm3m, a=8.5675(6) &

* N is the occupation per unit cell

Both from Ref.65.
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APPENDIX II

1. The photographs of some x-ray powder diffraction

patterns (from top to bottom of the next page)

1

2

Orthorhombic Nd-123;

Tetragonal Nd-123;

Ba;BiNdOg made in air;

BajyBiNdOy made in Njp;

BaBiO3 made in air;

BaBiOy made in Nj;

Nominal Ndg,gBig,2BazCu3Oy made in Np;

Nominal Ndg, gBigp,2BazCu3z0y made in Nz and then

annealed in air at 400°C for 20 hours.

100






102

2. The X-ray Diffraction Pattern of BajyBiNdOg

d hkl Iops
4,98 111 very very weak
4.35 200 very weak
3.08 220 very strong
2.62 113 very weak
2.17 400 medium
1.95 331 very very weak
1.78 224 strong
1.67 333/115 very very weak
1.538 440 weak
1.454 135 very very weak
1.376 620 medium
1.257 444 very weak
1.163 246 medium

Structure Parameters for BajyBiNdOg:

Space Group Fm3m, a = 8.703.
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