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STUDIES ON THE SYNTHESIS, PROPERTIES 
AND CHEMICAL MODIFICATION OF 
SUPERCONDUCTING OXIDES 



GENERAL INTRODUCTION 

This thesis presents the results of the studies on synthesis, properties and 

chemical modification of superconducting oxides. The sol-gel method was 

featured aiming at the development of new process for the synthesis of the 

superconducting oxides. The chemical substitution of the known superconductors 

and transition metal oxides were carried out in order to understand the mechanism 

of high temperature superconductivity, modify the crystal and electronic structure 

of superconductors and design new superconducting materials. 

In 1986, J. G. Bednorz and K. A. MUller reported anomalously high 

superconducting transition temperature of 30 K in the Ba-La-Cu-0 oxide system 

(Fig. 1) ( 1 ]. This inaugurated the new era of high-temperature ceramic 

superconductivity. As the result of the earnest and concentrated works not only 

by physicists but by chemists and material scientists after that, the record of the 

highest Tc was surpassed in succession [2-11], as shown in Table I. The 

La-Ba(Sr)-Cu-0 system proved superconducting close to 40 K at atmospheric 

pressure 161 and up to 52 K under high pressure (7]. The ~of Y Ba Cu-0 

superconductor, 90-95 K, exceeded the boiling point of liquid nitrogen, 77 K 

[81. The Bi Sr-Ca-Cu-0 and Tl-Ba-Ca-Cu-0 systems with 1 c in the triple-digit 

range of 105 125 K were reported in 1988 [9, 10]. At present, the highest value 
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Fig. I. The temperature-resistance curve of the Ba-La-Cu-0 system 
reponed by J. G. Bednorz and K. A. Mlille r in 1986. 
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Table I Superconducting transition temperature of the oxide 
superconductors . 

Material T/K c Year of Discovery 

SrTi03 0.7 1964 
LiTi20 4 12.4 1973 
Ba(Pb, Bi)0 3 13 1975 

Ba.L~ .• Cu50 5<3·Y> 30-35 1986 

YB~C~07 .• 90-95 1987 
(Ba, K)Bi03 30 1988 
Bi-Sr-Ca-Cu-0 105-120 1988 
Tl-Ba-Ca-Cu-0 110-125 1988 
Hg-Ba-Ca-Cu-0 134 1993 
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of 7, ~~ 134 K. achieved in I lg-Ba-Ca-Cu-0 system in 1993 [ 111. 

A new family of copper oxide superconductors is characterized as oxygen 

deficient. layered perovskne-like compounds with metallic conduc tivity. The 

40 K ~uperconducung L~.sr.Cu04 exhibits a ~NiF4- type structure made of 

planes of Cu06 octahedra exclusively sharing corners, separated by (La, Sr)O 

layers within which La and Sr are ninefold coordinated to oxygen. The structure 

of 90 K superconducting YBa2Cu30 H is related to the perovskite type wherein 

two thirds of the Cu ions form corner-sharing Cu0
5 

pyramids connected as 

sheets in the a I> plane while one third of the Cu ions form one-dimensional 

chains of squashed square planar Cu04 groups parallel to the b-axis. The 

Bi based superconductors. represented by the general formula 

Bi2SrzCapCu .Pt.+zn• also have the layered structure made of corner-sharing 

Cu06 octahedra, Cu05 pyramids or square planar Cu0
4 

groups, separated by 

Bi20 2 or Ca layers. 

h should he noted that superconductivity in copper oxide-based systems 

comes of the two dimensionality of so-called Cu0
2 

planes in the structure [ 12, 13]. 

In order to understand the role of Cu02 planes, it is very helpful to compare the 

superconducting L<l:z ,Sr,Cu04 with its prototype insulating L~Cu04• The Cu0
2 

planes of La2Cu04 consists of copper in a Cu2 
.. state and oxygen in an 0 2• state. 

The 3d~ z / orbital of Cuh is split by the effects of Coulomb repulsion, resulting 

in the charge transfer gap between the upper level of Cu -3d 2 2 
and the 0-2p 

X y 

orbitab. In thi~ state, 3d hole\\ of opposite spin in the Cu-3d 
2 2 

are localized 
X y 

on alternating 1d'~ Cu
2
• ions in an antiferromagnetic order. When La3 .. ions are 

paruall> replaced by sr· ions, the Cu0
2 

planes are doped with holes for the 
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charge compensation. The doping of holes reduces the DOS of both the upper 

3d 2 2 and 0 -2p bands. and reconstructs a ne\\. band around the Fermi level, 
T. ) 

which ~~ called an in-gap states [ 14]. In this state, the antiferromagneuc order 

is broken and the doped holes are delocalized. showing metallic conductivity. 

Although there is a general consensus that h1gh temperature 

superconductivity arises from the doped Cu02 plane in the in-gap states. the 

total theory for the phenomenon of high-Tc superconductivity has not been well 

established. The BCS phonon-based model [ 151 may be applicable to the 

copper oxide-based systems. Several other microscopic explanation are also 

available, but it is not obvious if any of them is superior to BCS and provides 

the correct model. It is also possible that an adaptation of the BCS theory with 

an eclectic admixture of several mechanisms such as phonon, plasmon. exciton, 

and others would be required to totally account for observed behavior [ 16]. 

Synthesis of copper oxide superconductors are dealt with as a matter of 

ceramics, for which many synthetic techniques have been developed over a 

long period [17 ]. For the bulk superconducting materials, methods of preparation 

are used such as the conventional solid-state reaction, the coprecipitation or the 

sol-gel technique. In the solid-state reaction , the process starts from mixing 

and grinding compounds of the desired components such as oxides, nitrates or 

carbonates of Cu, La, Y, Sr, Ba, Bi or other elements. The mixture with 

target compositions is reacted by calcining for an extended period ( 10-20 h) at 

elevated temperatures (800-l 000 °C). This process may be repeated several 

times with pulverizing and mixing of the partially calcined material at each 

step. The powder thus obtained is often pelletized and sintered for the promotion 

of reaction or for the measurement of properties. In the sol-gel technique [ 18 J. 
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the staning materials are compounds such as metal alkoxides, metal carboxylates 

or metal acetylacetonates, which are dissolved in organic solvents or water. 

The <;ols are formed through the hydrolysis and condensation of the starting 

matenals or through the chelation of metal ions. The amorphous gel obtained 

by further condensation and/or concentration of the sol is pulverized and heated 

at elevated temperatures, resulting in the superconducting materials. 

The superconducting properties of copper oxide-based systems are quite 

semiti ve to the preparation process. Careful attention must be paid to such 

factors as the heat-treatment temperature, the partial pressure of oxygen in the 

heat- treatment atmosphere, the number of annealing cycles and the grain sizes 

of the starting materials. The oxygen content of the final product, which 

affects stgnlf'icamly superconducting properties, is the most difficult to be 

controlled. The quality of the products in terms of superconductivity is checked 

wtth two pnncipal methods [ 19]. One is the measurement of the electrical 

resistance of the materials. The four probe method is generally employed to 

determine whether they are superconductors or not and at what temperature 

they transform to the superconducting state. A sharp, high Tc transition is an 

indicator of high quality materials. The other widely used method is the 

determination of the magnetic susceptibility of the materials. Good quality is 

indicated by a sharp, high Tc transition with both the flux exclusion and flux 

expulsion. This is, in a sense, a more fundamental check on quality since the 

value of the susceptibility far below the transition temperature is a good indicator 

of the fraction of the superconducting phases existing in the samples. The 

structures of the oxtde superconductors are checked by the x-ray diffraction 

method. NarrO\\ ltnes and the absence of peaks of impurities in the diffraction 
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pattern indicate a good, single-phase material. 

In the present work, the synthesis and the invesugation of the properties 

and structure of the copper oxide-based superconductors and the tmnsition metal 

oxides have been carried out with a view to developmg a new process of 

preparation, modifying the crystal and electronic structure of superconductors, 

designing chemically a new superconducting material and elucidating the 

mechanism of high-Tc superconductivity. The oxide superconductors, YB3zCu40 8 

and L~ .• sr.Cu04 , have been taken up for the investigation because of the 

respective merits as follows. YB~Cu408 is thought to be more applicable in 

terms of chemical stability in the ambient atmosphere and invariable 

superconducting properties in a long period. L~ .• Sr. Cu04 is a good model 

compound for considering the mechanism of superconductivity because of its 

simple structure and a variety of electrical and magnetic properties appearing on 

changing strontium concentration. The transition metal oxides, NdNi03 r and 

LaSrFe04 were investigated in search for new superconducting materials. The 

sol-gel method has been applied to the preparation of YB~Cu408 and NdNi03 r 

to develop the new process for the synthesis of superconductors. Chemical 

modification of superconductors and transition metal oxides was carried out on 

the basis of the chemical substitution of YB~Cu408, LC1z .• Sr,Cu04 , NdNi03. y 

and LaSrFe04• 

In chapter 1, the synthesis of the superconducting YB~Cu408 by the 

sol-gel method under 1 atm oxygen pressure is described, and the mechanism 

of formation of YBa2Cu4 0 8 in the sol-gel synthesis is presented. 

In chapter 2, the effects of the chemical substitution on the structure and 

properties of YB~Cu408 superconductor are described. The substitution of Sr, 
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K or Na for Ba and that of Li for Cu in YB~Cu408 are carried out and the 

results are d1scussed in terms of the contraction of the lattice, the formation of 

oxygen vacancies, the concentration of holes, the magnetic impurity effect and 

the role of grain boundaries. 

In chapter 3, the preparation of the perovskite-type NdNi03 r by the 

sol gel method under ambient pressure is described. A new oxygen-deficient 

phase of NdNi03 Y is found and its electrical properties are discussed in terms of 

the changes in the lattice constants by the different oxygen content and/or the 

substitution of Y for Nd. 

In chapter 4, the effects of the substitution of sulfur for oxygen on the 

structure and properties of La2_xSr xCu04 superconductor are described. The 

results are discussed in terms of the changes of the lattice constants, the electronic 

structure of the Cu0
2 

planes and the concentration of holes. 

In chapter 5, the preparation and properties of La1.x~SrFe04 (M=Ca, Sr, 

Ba, Y) with the K2NiF4 structure are described. The changes in structure and 

properties are discussed on the basis of the ligand field theory and the electronic 

transport properties of the oxides. 
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CHAPTER 1 

SYNTHESIS OF YBa2Cu40 8 SUPERCONDUCTOR 
BY THE SOL-GEL METHOD 

INTRODUCTION 

The sol-gel method has been applied to the preparation of bulk, fibers 

and thin films of a lot of oxides which are used as electronic and optical 

materials for many years [1 ]. After the discovery of the Y -Ba-Cu-0 and the 

Bi Sr-Ca-Cu-0 superconductors, the sol-gel method attracted much attention 

as the technique which enables us to produce easily the fibers and thin ftlms of 

the superconductors 12-5]. On the other hand, noting that the other advantage 

of the sol-gel method, which is the low-temperature process, one can apply the 

sol gel method to the synthesis of the different phases other than the phases 

usually obtained by the conventional preparation method. That is, the sol-gel 

method is suitable for the investigation of the low-temperature phases of the 

oxtdes, including a search for unknown phases. 

In this chapter, the synthesis of the YB~Cu408 superconductor, which is 

decomposed at about 800 °C in the ambient atmosphere, by the sol-gel method 

under I atm oxygen pressure is described. In Section 1, the preparation of a 

single phase YB~Cu408 ts attempted through the sol-gel process starting with 
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an aqueous soluuon of metal acetates and tartaric acid. In Section 2, the 

precise investigation of the phases evolved m the heat-treated gels are carried 

out, and the mechanism of the formation of the YB~Cu408 superconducting 

oxide in the sol-gel process is elucidated. 
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SECTION 1 PREPARATION OF SINGLE-PHASE YBa2Cu40 8 

FROM GELS 

1. 11\TRODUCTION 

The high-T, superconductor YBa2Cu40 8 (Y -124) was originally found as 

a latuce defect m the YB~Cu30Y (Y-123) powders [ 1] and as an ordered defect 

..,tructure in the Y-123 thin films 12,3]. Karpinski et al. [4] prepared the bulk 

pha..,c YBa2Cu~Os under a high oxygen pressure of 400 bar at 1040 oc. Cava et 

al. 151 succeeded in preparing this material at ambient oxygen pressure, although 

about I 0 % of the material consisted of crystals other than YB~Cu408• 

It was assumed that the Y-124 phase had a critical temperature lower 

than the Y-123 phase [4 6]. However, the c-axis-oriented faulted YB~Cu408 
thin films prepared by both the electron-beam evaporation and the reactive 

rnagnetron sputtering showed the onset temperature of 96 K and zero-resistance 

temperature of 93 K 171. Similar results were reported for the bulk YB~Cu408 
tn which Ca2

• was substituted for 10 % of Y3
• [8]. These indicate that the 

Y -124 phase might not be inferior to the Y -123 phase in superconducting 

properties. Ir was also reported that the oxygen content of the Y -124 phase is 

thennally stable up to 850 oc [4]. The most important characteristic of the 

Y -124 plw,e is its high chemical stability against moisture and carbon dioxide 

gas 151. which is not the case for the Y -123 phase. 

The major problem encountered in the preparation of YB~Cu408 is the 

difficulty in preparing a single phase by the conventional sintering method. At 

higher temperatures the Y-124 phase decomposes into the Y-123 and CuO, and 
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belo~ the decomposition temperature at 850 C crystallization and sintering do 

not proceed welll4.5j. 

In order to overcome these difficulties. Kourtakis et al. [91 employed a 

spray drying method. The Y -124 powder prepared by this method from barium 

and yttrium acetates and copper nitrate contained 93-94 % pure powder of 

y -124 phase when it was heated at 800 oc in flowing oxygen. More recently. 

Murakami et al. {lO] applied the sol-gel method to the preparation of theY 124 

powders using barium and yttrium alkoxides and copper nitrate as starting 

materials and ethanol-xylene mixture as solvent. Mazaki et al. [ 11] used metal 

nitrate, citric acid, and ethylene glycol as solvent to prepare theY -124 pellets. 

A pure single phase of the Y -124, however, has not been obtained by these 

preparation methods so far. 

In this work, it has been attempted to synthesize more easily the high-purity 

Y-124 powders and pellets by the sol-gel method [ 12-15], in which only meral 

acetates and water containing tartaric acid are used as starting materials and no 

organic solvents are used 113 15]. 

2. EXPE RIMENTAL 

2.1. Preparation of the Gels 

Figure 1 shows the process for synthesizing the Y -124 phase via the 

sol-gel method in the present work. 2.12 g of Y(CH3C00)3-4H20 (Mitsuwa 

Pure Chemicals, Osaka, Japan), 3.20 g of Ba(CH3C00)2 (Wako Pure Chemical 

Industries, Osaka, Japan), and 4.56 g of Cu(CH3C00)2 (Wako Pure Chemical 

Industries) were dissolved in 200 ml distilled water and then the solution was 

stirred for 1 h at room temperature. After addition of 1.620 g of tartaric acid 
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Y(CH3C00)3 ·4H20, Ba(CH3C00)2 , Cu(CH
3
C00)

2 
(Y:Ba:Cu:1 :2:4) 

j Product (Powder) l 
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Fig. I. The process for the synthesis of YBa Cu 0 superconductor 

. th 2 4 8 
vw e sol-gel method. 
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(C
4
H60 6) dissolved 1n 10 ml dtstilled water, the aqueous solution was stirred 

for 2 h. The molar ratio of C4H60 J Cu was fixed at 0.43. The resultant 

transparent aqueous solution with blue color was kept 1n a furnace at 80 oc for 

three days to be gelled. 

2.2. Heat-Treatment of the Gels 

The dried gel was pulverized in an agate mortar. Two series of heat 

treatments were carried out with the gel powder. In one series of heat-treatment, 

the gel powder was heated at temperatures from 720 °C to 800 oc typically for 

10 h in flowing oxygen at a flow rate of 2.0 L/min and at 780 °C for l 0 h in air, 

then cooled slowly in the furnace. A heating rate of 160 °C/h was adopted. In 

the other series of heat-treatment, the gel powder was heated at 780 oc for lO 

or 30 h in 0 2 and then pressed into a pellet of 13 mm diameter and about I mm 

thick under a pressure of 6 MPa. The pellet was sintered at 780 oc for various 

hours in flowing oxygen. Sintering in rur was also performed. 

2.3. Characterization of the Products 

The crystalline phases evolved in the products after the calcination were 

identified by the powder x-ray diffraction (XRD) method with a Rigaku Denki 

Company model RAD-IIA diffractometer using CuKa radiation. The d.c. 

electrical resistance of the samples was measured at temperatures from 300 K to 

30 K by the four-probe method. The ac. magnetic susceptibi lity of the samples 

was measured from 300 K to 30 K by the Hartshorn bridge method wHh a 

frequency of 270 Hz and an amplitude of 100 mY, using a Chino Instrument 

Company superconductivity test system. 
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3. RESULTS 

3.1. Phase Analysis 

Figure 2 shows the XRD patterns of the powder products obtained by 

heating the gel at various temperatures for 10 h in flowing oxygen, and Table I 

shows the cry\talhne phases observed in the products. At 720 °C, BaCu0
2

, 

Y2Cu20~, Bal'u 30~ •• 116], Ba2Cu30 5.9 [ 17], Y20 3, CuO and BaC0
3 

are found 

bestdes the tetragonal YB~Cu30Y (Y-123). YBa2Cu40
8 

(Y-124) appears at 760 

oc and grows as the heating temperature increases to 780 °C, at which B~Cu305 .. , 
Ba2Cu30~ 9 and CuO remain in the sample. At 800 °C, the Y -124 and CuO are 

observed. 

The crystalline phases observed in the powders heated at 780 oc for 5, 

I 0, 20 and 10 h in 0 2 are summarized in Table I, and the XRD patterns of the 

powders heated at 780 °C for 10 and 30 h in 0 2 and for 10 h in air are shown in 

Fig. 3. The powder heated for 5 h consists of the Y -124 phase, Ba
2
Cu

3
0

5 
.. , 

Y2Cu20 5, and CuO as shown in Table I. Besides these phases, B~Cll:l05_9 
appear~ tn the sample heated for 10 h. B~Cll:l 0

5
+x and CuO disappear and the 

Y - 124, Y 2Cu20~, and Ba2Cu30 5.9 remain on heating for 20 h. Then the Y -124 

phase is obtai ncd as a single phase on heating for 30 h. The powder obtained 

by heating in air at 780 oc for 10 h consists of four phases, Y
2
Cu

2
0

5
, Y

2
0v 

CuO and BaC03 and no Y - 124 phase is found. 

The lattice constants of the single-phase Y -124 powder measured by the 

XRD arc a=0.3846 nm, b=0.3871 nm and c=2.722 nm which are in good 

agreement with those of the Y -124 prepared by the other methods such as the 

solid-state reacuon under high pressure [4] or by the flux method [5,18], as 

shown tn Table 11. 
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Table 11 Methods of the preparation and the la ttice constan ts of 

YBa,_Cu40 8• 

Method Heating Condition Lattice Constants I nm 

a b c 

Solid State Reaction [4] 400 bar 0 2, 1040°C 0.3840 0.3871 2.755 

Flux Method 151 

Flux Method 1201 

Sol-Gel I thts work I 

1 atm 0 2, 800°C 

1 atm 0 2, 815°C 

1 atm 0 2, 780°C 
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0.38457 0.38711 2.7262 

0.3842 0.3871 2.724 

0.3846 0.3871 2.722 

Figure 4 shows the XRD patterns of the pellets sintered at 780 oc for 10 

and 30 h m 0 2 and for I 0 h in air. Before sintering, the pellet consisted of the 

mixture of four phases as shown in Table I (780 oe, I 0 h). After sintenng for 

10 h, the Y-124 phase. B~Cu305.x and Ba2C~059 remain in the sample. The 

pellet sintered for 30 h consists of a single phase of Y -124 compound, and no 

trace of the Y -123 phase or CuO is observed. In the sample heated in air, the 

Y-123 phase, BaCu02, and CuO are found. 

3.2. S uperconductivity 

Figure 5 shows the temperature dependence of the a.c. magnetic 

susceptibility of the Y - 124 powder heated at 780 oc for 10, 20 and 30 h in 0
2

• 

The measurements were carried out for the 0.4 g of each powder sample. The 

samples heated for 20 and 30 h show the superconducting transition at 80 K, 

which is in good agreement with the value published previously 14 ). The 

sample heated for I 0 h shows the transition at 69 K and less change in susceptibilny 

below the transiuon temperature. In this sample, the oxygen or copper content 

might deviate from the stoichiometric value because the crystalli.lallon of the 

Y -124 phase was not completed as seen from Fig. 3. 

The powder sample of the single-phase Y -124 was pressed into pellet and 

sintered at 780 oc for 10 h in 0
2

• Figure 6(a) shows the temperature dependence 

of the resis~ance of this pellet. The resistance decreases monotonically with 

decreasing temperature, starts to drop at 93 K, and becomes zero at 78 K. 

Two lines were extrapolated as shown in the figure to determine T~ (onset), 

which was found to be 87 K. The value of Tc (onset), 87 K, is slightly higher 

than those reported previously [ 4,9, 18]. Figure 6(b) shows the temperature 

dependence of the resistivity and the susceptibility of the Y -124 pellet smtered 
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Fig. 4. The XRD patterns of the Y -124 pellets heated at 780 oc for 10 

and 30 h in 0 2 and for 10 h in air. 
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tibility of the Y -124 pellet sintered at 780 oc for 30 h. 
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at 780 C for 30 h tn 0 2 after pelletizing the powder obtained by heating at 780 

oc for 10 h 1n 0 2• The resistivity data show Tc (onset) at 85 K and T (end) at 

75 K. The suscepubility data show Tc(X) at 77 K and the existence of the large 

amount of the diamagnetic phase below Tc. 

The resistivity curves shown in Fig. 6 have a so-called "foot" which 

makes Tc (end) lower and the transition temperature width broader. This may 

result from the weak link of grain boundaries of the polycrystalline phases of 

the Y -124 in the pellet. 

4. DISCUSSION 

4.1. Effect of Addition of Tartaric Acid on Formation of the Gel 

A transparent gel with blue color was obtained through concentration of 

the aqueous solution of metal acetates and tartaric acid. Without tartanc acid, 

crystallization of copper acetate hydrate took place during concentration and no 

homogeneous gel formed. It is known that tartaric acid molecules, C4H60(,• act 

as ligands, C4H40/ as in the following formula, 

?li?H 

o-~-y-<;:- ~-o· 
0 H II 0 

in an aqueous solu tion to make complexes with various metal ions 119,20]. 

Thus, it is assumed that copper ions and tartaric acid ligands form complexes, 

preventing copper ions and acetic acid ions from forming a compound which 

may precipitate. 
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4.2. Effect of Heating Temperature on Fonnation of the Y-124 

It is known that the crystallinity of the Y -124 is well judged by the 

~eparation between (0 17) and (Ill) diffraction peaks in the XRD pattern. As 

~een from Fig. 2, the corresponding peak separation of the Y -124 phase produced 

at 7XO oc is larger than that of the Y -124 produced at 760 oc and 800 °C, 

which indicates the better crystallinity of the sample heated at 780 °C. The 

diffraction peaks of CuO decrease with increasing heating temperature from 

720 cc to 780 °C, and then increase at 800 °C, which may correspond to the 

initiation of decomposition of the Y -124. These observations indicate that the 

opumum temperature for the formation of the Y -124 phase is 780 oc in the 

present method. As seen in Fig. 3, at this heating temperature the Y -124 grows 

with the increase in heating time and a single phase of Y -124 is obtained when 

the powder 1s heated at 780 oc for 30 h. 

4.3. Effect of Heating Atmosphere on Formation of the Y-124 

Comparison between the powder sample heated at 780 oc for 10 h in 

flow1ng oxygen and that heated in air reveals that the sample heated in air has 

BaC'01 and no other compounds containing Ba while the sample heated in 0
2 

has complex oxides of Ba such as the Y -124 s~ Cn 0 and s~ Cn-0 
' "L '"3 S+x' "L '"3 5.9· 

This discrepancy is explained as follows. Ba(OH)
2 

formed at lower temperatures 

not exceeding 500 oc [21] reacts with C02 or carbonate ions in the gel, producing 

BaC03 during the heat-treatment [22]. At 780 oc, the resultant BaC0
3 

remains 

stable and does not react with yttrium or copper compounds in air. On the 

contrary, it is assumed that BaC03 is less stable in the oxygen atmosphere, 

reacting with other compounds such as Y20 3
, CuO and Y2C~05 easily at 780 

octo form Ba2Cu30 ;.,• B~Cu3059 and the Y-124 phase. 
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As mentioned in 3.1., the Y -124 phase present in the pellet sample 

before sintering 1s decomposed into theY -123 phase and CuO when it is heated 

in air. In any case, it can be said that heating the sample in air does not lead to 

the formation of the Y -124 phase. 

5. CONCLUSION 

A single-phase YBa2Cu40 8 superconductor was obtained by heating a gel 

powder, which was made from the aqueous solution of metal acetates and 

tartaric acid, in flowing oxygen. It was found that the optimum temperature of 

the heat-treatment to produce theY -124 phase was 780 oc. The powder heated 

at 780 oc for 30 h was a single phase of the Y -124 and showed Tc of 80 K in the 

susceptibility measurements, and the pellet made of this sample showed Tc 

(onset) at 87 K and Tc (end) at 78 K according to the resistance measurements. 

The other pellet sample sintered at 780 oc for 30 h consists of a pure single 

phase of the Y -124 with no impurity peaks observed in the XRD pattern. The 

resistivity measurement of this sample revealed Tc (onset) of 85 K and Tc (end) 

of 75 K. 

Since the high-purity Y-124 powders and pellets were successfully prepared 

by the present technique, it is thought that the sol-gel technique 1s of great use 

when one requires the chemically modified Y -124 phase in order to investigate 

further its ~tructure and properties. 
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SECTION 2 FORMATION MECHANISM OF YBa2Cu40 8 IN 

THE SOL-GEL SYNTHESIS 

1. INTRODUCTION 

The superconducting oxide YB~Cu408 (Y -124 phase) has been attracting 

much attenuon in view of the practical application because of stability of the 

oxygen content up to 850 oc [1] and high chemical stability against moisture 

and carbon dioxide gas (2], which is not seen in YB~Cu30Y (Y-123 phase). 

The superconducting transition temperature Tc of the Y -124 phase is about 80K 

111. which i"i ea. I 0 K lower than that of the Y -123 phase [3 j, but it can be 

ra1sed up to 90 K when Ca2
• ions are introduced into the Y -site [ 4]. 

Although there are some difficulties encountered in the synthesis of the 

Y -124 superconductor, the sol-gel method makes it possible to obtain a single 

phase of the Y -124 under the ambient pressure as described in Section 1. That 

1s, amorphous gels were prepared from an aqueous solution of metal acetates 

with addition of tartaric acid, and the single-phase Y -124 ceramic powders 

were obtained by heating the gel at 780 oc for 30 h under 1 atm of oxygen gas 

151. 

Elucidation of the mechanism of formation of the Y -124 phase is essential 

to design and develop new and more efficient routes for preparing the Y -124 

phase. In the solid state reaction, Hurng et al. [ 6] found that nitric acid 

promotes the formation of B~Cu305 from the powder mixture of Y 
2
0

3
, Ba(N0

3
)
2 

(or BaO or BaC01) and CuO, which results in the formation of the Y -124 

phase in relauvely short ume. In the sol-gel process [5,7,8], however, it is not 
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clear how the Y -124 phase forms. In this section, changes of the crystalline 

phases precipitated in the gel were examined as a function of heating temperature 

and heating time, in order to clarify the chemical scheme of the gel to Y -124 

phase conversion. 

2. EXPERIMENTAL 

2.12 g of Y(C~C00)3·4~0. 3.20 g of Ba(CH3C00)2 and 4.56 g of 

Cu(CH
3
C00)

2 
were dissolved in 200 ml distilled water and the solution was 

stirred for 1 h at room temperature. 1.620 g of tartaric acid (C4H60 6) dissolved 

in 10 ml distilled water was added to the aqueous solution of the acetates and 

the solution was stirred for 2 h. The resultant transparent aqueous solution was 

kept at 80 oc for 3 days in order to concentrate and solidify the solution. The 

resultant gel was pulverized and heated at a rate of 160 °C/h to 400 °C, 500 oe, 

600 °C, 700 oc and 780 oc and kept at 780 oc for 1-30 h in flowing oxygen of 

1 atm. 

For comparison, powder mixtures consisting of reagent grade Y 20 3, 

BaC0
3 

or Ba(N0
3

)
2 

and CuO powders were pressed mto pellets and heated m 

air or flowing oxygen of 1 atm. 

Crystalline phases in the products were identified by the powder x ray 

diffraction (XRD) method with a Rigaku Denki Company model RAD-IIA and 

a Rigaku ~ompany model RINT 1200S diffractometer using CuKa radiation. 

3. RESULTS 

3.1. Formation of the Y-124 Phase in the Gel 

Figure 1 shows the XRD patterns of the products obtained by heating the 
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Fig. 1. The XRD patterns of the powders obtained by heating the gel 

to various temperatures in flowing oxygen. 
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gel to various temperatures in 0 2• The identified crystalline phases in these 

products are summarized in Table I. As can be seen in the figure and table, 

Ba(0H)
2

• CuO and an unknown phase are found in the product heated to 400 

oc. BaC0
3 

starts to be formed at 500 °C, mdicaung that the reaction takes 

place between Ba(OH)
2 

and C0
2 

formed by decomposition of acetate acid anions 

or tartaric acid anions in the gel [9]. At 600 °C, after the transformation of 

Ba(OH)
2 

to BaC0
3 

is completed, Y 20 3 starts to precipitate, resulting in the 

formation of a mixture of Y
2
0 3, BaC03 and CuO, which just correspond with 

the starting materials in the conventional solid-state reaction. 

At 700 °C, Y 2C~05 is seen besides Y 20 3, BaC03 and CuO (Fig. 1 ). 

Since Y 
2
Cu

2
0

5 
is the first complex oxide compound to precipitate, it is reasonable 

to assume that this compound forms via reaction between Y 20 3 and CuO. In 

other words, Y
2
Cu

2
0

5 
may be produced by the reaction (1). 

(l) 

Figure 2 and 3 show the XRD patterns of the products obtained by heating the 

gel at 780 oc for various periods of time in 0 2• The identified crystalline 

phases are summarized in Table I. At 780 °C, diffraction peaks of YBazCu 30Y 

(Y -123 phase) appear. As can be seen in Fig.1 and 2, the splitting of ( 103) and 

( 11 0) pea.J.ss of the Y -123 is not observed. This indicates that the present Y 123 

phase is tetra-l phase ll0-121, which is a tetragonal phase with a low oxygen 

defect concentration (y=6.7-6.8). Raising the temperature up to 780 oc results 

in the decrease 111 peak intensnies of Y 20 3 and BaC03 , while those of Y 2Cu20 5 

is not changed (Fig. 1 ). This indicates that the Y - 123 phase is formed by the 

' reaction between Y
2
0

3
, BaC0

3 
and CuO; i.e. the formation of the Y-123 
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Table I Crystalline phases precipitated in the gel-derived powders. 

I I eat-Treatment Crystalline Phases 

400°C 

soooc 
600°C 

700 c 
780°C 

780°C, lh 

780' c. 2h 

780°C, 5h 

780°C, lOh 

780 C, 20h 

780°C, 30h 

Ba(OH)2, CuO, unknown 

Ba(OH)2, CuO, unknown, BaC03 

CuO, BaC03, Y 20 3 

CuO, BaC03, Y 20 3, Y2Cu20 5 

CuO, BaC03, Y 2Cu20 5, YBa2C~Oy 

CuO, BaC03, Y 2C~05, YBa2C~Oy 

CuO, Y 2C~05, YBa2C~Oy, BUzCu30 5+x 

CuO, Y 2Cu20 5, Ba2Cu30 5+x, YBa2Cu40 8 

CuO, Y 2CUz05, Ba2Cu30 5u, BUzCu30 59, YB~Cu408 

Y2CUz05, B~C~05.9 , YB~Cu408 
YBa2Cu40 8 
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Fig. 2. The XRD patterns of the powders obtained by heating the gel 

at 780 °C for 1, 2 and 5 h in flowing oxygen. 
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Fig. 3. The XRD patterns of the powders obtained by heating the gel 

at 780 °C for 10, 20 and 30 h in flowing oxygen. 
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phase is assumed to follow fonnula (2). 

The product obtained by heating the gel at 780 oc for 2 h consists of CuO, 

Y2Cu20 5, Y - 123 phase (tetra-1) and B~C~Os.x (Fig. 2). It is seen that the 

formation of Ba2Cu30 5.x is accompanied by disappearance of BaC0
3
• Therefore, 

the formation of B~Cu30 5.x may occur via reaction between BaC0
3 

and CuO 

represented by formula (3). 

(3) 

The Y -124 phase appears at the sacrifice of the Y - 123 when the gel 1s heated at 

780 oc for 5 h (F1g. 2). The splitting of the (017) and (Ill) peaks of theY 124 

increases with increasing heating time, followed by the decrease in mtensny of 

CuO peaks. These indicate that the Y -123 and CuO react to fonn the Y 124 

phase; 

(4) 

The XRD patterns of the products obtained by heating at 780 oc for 5, 10 and 

20 h (Fig. 3) show that Ba2Cu30 5+> is transformed into B~Cu305 9, which is 

completed by the heat-treatment for 20 h. This process may take place via 

incorporation of oxygen into B~C~Os+x' which can be represented by formula 

(5). 
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(5) 

The gel heated at 780 oc for 20 h consists of the Y -124 phase, Y2Cu 20 5 and 

Ba2Cu30~ 
11

• Heating at 780 oc for 30 h results in disappearance of the latter two 

compounds and at the same time formation of the single-phase Y-124 compound 

(Fig. 3), Indicating that Y2Cu20 5 and B~Cu305_9 react to form Y-124 phase as 

expressed by formula (6). 

(6) 

3.2. Solid-State Reaction between Y20 3
, BaC03 and CuO Powders 

Y 
2
0 3• BaC0

3 
and CuO powders with a nominal composition of 

Y:Ba:Cu=l:2:4 were mixed, pressed into a pellet and heated at 780 oc for 30 h 

in flowing 0 2 of 1 arm, aiming at the formation of the Y -124 phase. Figure 4 

show-; the XRD pattern of the product. Although the formation of YB~Cu30 y' 

Ba2Cu 30~ .. and BaCu02 is seen, no trace of the Y -124 phase is observed in the 

pattern. 

3.3. Formation of the Y-124 Phase from a Y2Cu20 5 and Ba2Cu30 5+x Mixture 

Y 2Cu20 ~ was prepared from a Y 20 3 and CuO powder mixture by heating 

at 875 oc for 20 h in air. A single-phase Y 2C~05 could be obtained without 

any impuritie~. Ba2C~05 .. was prepared from a Ba(N03) 2 and CuO powder 

mix lUre by heating at 800 oc for 10 h in air. Figure 5 shows the XRD pattern of 

the Ba-Cu-0 product. It is seen that the product consists of Ba2C~059 and 

Ba
2
Cu30 5 •• with a trace of BaC03 and CuO. 
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Y2Cu20 5 and B~Cu 30~ - ~ products thus obtained were ground and mixed 

to make a powder mixture with a nominal composition of the Y - 124 phase, and 

pressed into a pellet. The pellet was heated at 780 oc in flowing 0
2 

of 1 atm for 

20 or 50 h. Figure 6 shows the XRD pattern of the products. Formation of the 

Y - 124 phase is observed in the product obtained by heating for 20 h, and the 

amount of the Y-124 phase increases when the mtxture is heated for 50 h. 

Formation of the Y -124 phase is accompanied with decreases in the amount of 

Ba2Cu30 59 and B~Cu305H. It should be noted that the decreasing rate is larger 

in the former than in the latter, as can be clearly seen by com paring the 

diffraction pattern of Fig. 6 with that of the Ba-Cu-0 product in Fig. 5. 

4. DISCUSSION 

4.1. Formation of the Y-124 Phase from the Gels 

Rapid formation of the Y - 124 phase from the gel under I atm oxygen 

was clearly seen in the present study; heating the gel at 780 oc for 30 h resu lted 

in a single-phase Y -124 compound. 

The formation process of the Y -124 phase from the gel, which was 

described in 3.1, indicates that two reaction processes expressed by fom1ulae 

(4) and (6) are the key processes which lead to the formation of the Y - 124 

phase. O~e is the reaction between the tetra-I Y -123 phase and CuO (formula 

(4)), which includes oxidation process. Noting that the tetra-I YB~Cu30Y is a 

highly oxidized phase whose y value is close to 7, it is expected that reacuon 

(4) can easily proceed even when ambient oxygen pressure is not very high. In 

other words, formation of the highly oxidized Y - 123 phase as the intermediate 

facil itates the conversion of the mixture of the Y 123 phase and CuO into the 
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Y -124 phase under l atm 0 2 pressure. 

The other process leading to the formation of the Y -124 phase from the 

gel is the reaction between Y2Cu 20 5 and B~Cu3059 (formula (6)). It 1s thought 

that this reaction does not need high oxygen pressure because 1t includes no 

oxidation process, which is completed at earlier stage; that 1s, B<izCu 30s.. is 

oxidized to B<izCu 30 59 as indicated by formula (5). It can be said that the 

formation of highly oxidized intermediate, B~Cu3059, makes it possible to 

prepare the Y- 124 phase under 1 atm. 

4.2. Formation of the Y -124 Phase through the Conventional Solid-State 

Reaction 

In contrast to the sol-gel synthesis, no trace of the Y 124 phase was 

found in the product from the powder mixture of Y 20 3, BaC03 and CuO. This 

is attributed to the low heat-treatment temperature and the large parucle size of 

the starting materials as will be discussed in 4.3. 

It has been shown in the present study that the reaction between Y 2Cu20 5 

and Ba
2
Cu

3
0

59 
prepared by the conventional solid-state reacuon allows the 

formation of the Y - 124 phase in a relatively high yield (Fig. 6), which verifies 

that the formula (6) in the sol-gel synthesis is valid. In addition, this solid state 

reaction study has shown that in the formation of the Y -124 phase more highly 

oxidized ~<izCu 305.9 is preferable to less oxidized B~Cu305 ... 

4.3. Comparison between the Sol-Gel Route and the Solid-State Reaction 

Route 

In the preparation of the Y -124 phase under a low pressure of I atm, it is 

indispensable to obtain the highly oxidized intermediates. It should be noted 
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that the highly oxidized tctra-1 phase is one of the low-temperature phases [ 1 0] 

of the Y -123 phase, which cannot be easily synthesized from a powder mixture 

of oxides and carbonates through the conventional solid-state reaction because 

of the too low rate of reaction at low temperatures around 800 °C. Even if the 

heat-treatment temperature is raised to accelerate the solid-state reaction, the 

tetra-11 Y -123, a tetragonal Y -123 phase with high oxygen defect concentration, 

results and the tetra-J Y 123 phase cannot be obtained. 

In contrast, the tetra-1 Y-123 phase is known to be formed in the ambient 

atmosphere when one uses amorphous precursors like gels in which constituent 

metal cations arc homogeneously distributed [ 10,13]. Manthiram and 

Goodenou gh ! I 0 I prepared the tetra-I phase from metal ci trate gels with the 

Y 121 compos1uon at 780 °C, and Sakka et al. [ 13] reported the formation of 

this phase from metal acetate gels with the Y -123 composition at 800 oc. It 

was also observed in the present study that the tetra-1 phase is formed via the 

reaction between Y 20 3, BaC03 and CuO which all are precipitated in the gels. 

The formation of the tetra-I phase is attributed to much smaller sizes and much 

more well mixed state of Y 20 3, BaC03 and CuO in the gels than in the powder 

mixture used in the conventional solid-state reaction. In fact, the size of the 

CuO and BaC03 panicles precipitated in the gel at 780 oc was as small as 20 

nm as evaluated from the half-height width of the diff'raction peak. 

It has been confirmed that the reaction between Y2Cu20 5 and B~Cu305.9 
proceeds both in the sol-gel route and in the solid-state reaction route. However, 

the rate of reaction between Y2Cu20 5 and Ba2C~059 was found to be much 

larger 111 the sol gel route than in the solid-state reaction route. This unambiguously 

results from the smaller size and more well-mixed state of these particles. The 

fonnauon of l3a2Cu 30, .• also proceeded more rapidly in the sol-gel route, probably 
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because of the smaller size of the CuO and BaC03 particles. The highly oxidized 

Ba2Cu30~ 9, which was found to be a crucial intermediate compound for the 

formation of Y 124 phase, ts known to be a lov. temperature fom1 of Ba, CuP~ .•. 

v.hich IS thcrmodynamtcally stable under I atm 0
2 

at temperatures lower than 

900 oc [ 14,15 ]. More rapid transformation of the metastable B~Cu305._ to 

stable B~Cu3059 as found in the sol-gel route may result from the smaller size 

of the particles, which can enhance the reactivity. 

5. CONCLUSION 

The mechanism of the formation of YB~Cu408 from the acetate-derived 

gel was investigated. It was shown that there are two key routes for the fonnation 

of the Y -124 phase; one is the reaction between the tetra-J Y 123 phase and 

CuO, and the other the reaction between Y2Ct1z05 and Ba2Cu30 59• It was 

concluded that the formation of the tetra-1 phase Y -123, which cannot be 

prepared by the conventional solid-state reaction under the ambtent pressure, 

and the raptd formauon of highly oxidized BUzCu30H enable the formatton of 

the Y -124 phase at a low oxygen pressure of 1 atm and a low temperature 

around 780 oc. 

REFERE~CES 

1. J. Karpinski, E. Kaldis, E. Jilek, S. Rusiecki, and B. Bucher, Nature 

336, 660 ( 1988). 

2. R. J. Cava. J. J. Krajewsk1, W. F. Peck, Jr., B. Batlogg. L. W. Rupp, 

Jr., R. M. Fleming, A. C. W. P. James, and P. Marsh, Nature 338. 

328 (1989). 

-45-



3. M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. 

Gao, z. J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev. Lett. 58, 

908 (1987). 

4. T. Mtyatake, S. Gotoh, N. Koshizuka, and S. Tanaka, Nature 341, 41 

(I 989). 

5. S. Fujihara, H. R. Zhuang, T. Yoko, H. Kozuka, and S. Sakka, J. 

Macer Res 7, 2355 (1992). 

6. W. M. l lurng, S. F. Wu, C. Y. Shei, Y. T. Huang, and W. H. Lee, 

Appl. Phys. Lett. 57, 2025 (1990). 

7. H. Murakami, S. Yaegashi, J. Nishino, Y. Shiohara, and S. Tanaka, 

Jpn J Appl. Phys. 29, L445 (1990). 

8. H. Mantki, M. Kakihana, and H. Yasuoka, J. Jpn. Soc. Powder and 

Powder Metal/. 38, 211 (1991). 

9. J. Jin, H. Kozuka, and S. Sakka, J. Soc. Mater. Sci. Jpn. 40, 374 

( 1991 ). 

10. A. Manthiram and J. B. Goodenough, Nature 329, 701 (1987). 

11. Y. Nakazawa, M. lshikawa, T. Takabatake, K. Koga, and K. 

Terakura, Jpn. J. Appl. Phys. 26, L796 (1987). 

12. K. Kinoshita, A. Matsuda, T. Ishii, N. Suzuki, H. Shibata, T. 

Watanabe, and T. Yamada, Jpn. J. Appl. Phys. 27, L795 (1988). 

13. S. Sakka, H. Kozuka, T. Umeda, and J. Jin, MRS l nt'l. Mtg. on Adv. 

Macs. 6, 239 (1989). 

14. J. G. Thompson, J. D. FitzGerald, R. L. Withers, P. J. Barlow, and J. 

S. Anderson, Mater. Res. Bull. 24, 505 (1989). 

15. I. llaJasz. V. Fulop, I. Kirschner, and T. Porjesz, J. Cryst. Growth 

91 . 444 (1988). 

-46-

CHAPTER2 

EFFECTS OF CHEMICAL SUBSTITUTION ON 
THESTRUCTUREANDPROPERTffiSOF 
YBa2Cu40 8 SUPERCONDUCTOR 

INTRODUCTION 

The YB~Cu408 superconductor contains a group Ill A ion, Y 3+ an • 

alkaline earth ion, Ba2
\ copper and oxygen. An tmportant question that arises 

concerns which of the constituent tons are essential and which can be replaced 

by related or not so related ions. Moreover, it is interesting to know how the 

structure and properties of superconducting oxides change by the replacement 

of different ions. In many cases, new materials in oxide superconductors have 

been found by means of such chemical substitutions. 

In this chapter, chemical substitution of YB~Cu408 superconductor are 

discussed. In Section l, the effects of the substitution of Sr, K or Na for Ba on 

the structure and properties are discussed. In Section 2, the effects of subsutuents 

in the Cu0
2 

planes on the superconductivity are discussed on the basis of the 

substitution of Li for Cu. 
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SECTION 1 EFFECTS OF SUBSTITUTION OF Sr, K OR Na 

FOR Ba ON THE STRUCTURE AND 

PROPERTIES OF YBa2Cu40 8 

l. INTRODUCTION 

In theY -Ba-Cu-0 oxide system, there are two important superconducting 

phases, YB~Cu30Y (Y -123) and YB~Cu408 (Y -124), which differ in the 

number of CuO chains in the structure as shown in Fig. 1 [1-3] . The Y- 123 

phase has single CuO chains and its oxygen content depends on the conditions 

of preparation such as the heat-treatment temperature, the partial oxygen pressure 

in the heat-treatment atmosphere and the cooling rate. Superconducting transition 

temperature Tc of the Y l 23 phase decreases from 90 K as the oxygen content 

decreases. On the other hand, the Y-124 phase has double CuO chains and its 

oxygen content is almost constant up to 850 °C. Tc of theY -124 phase is about 

80 K 141. which is hardly affected by the preparation conditions. 

h is known that the application of high pressure during the measurement 

affects Tc of the Y - 124 phase much more markedly than that of the Y - 123 

phase. Bucher et al. 151 first reported that Tc of the '/- 124 phase increases with 

pressure, p, at a rate of dT)dp=5.5 K/GPa. Yamada et al. [6] also reported 

the same value of ar, /dp in the Y -124 phase. They attributed this effect to 

redistribution of holes induced by pressure. Nelmes et al. [7] determined the 

crystal structure of the Y -124 phase under pressures up to 5 GPa and suggested 

that the reduction of the Cu(2)-0( 1) distance (see Fig. 1 ), namely, the distance 

between the copper in the Cu02 planes and the apical oxygen, with pressure 
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g1ves nse to 1ncrease m T by the charge transfer mechanism. This suggests that 

the chemical substitUtiOn, such as substitution of sr· for Ba2
·, that causes 

contracuon of the lattice of theY -124 phase along the c-axis might shorten the 

Cu(2) 0( 1) distance and, accordingly, increase Tc of the Y -124 phase. 

Miyatake et a/ [ 8] have shown that substitution of Ca for 10% of Y in 

the Y 124 pha11e raises Tc up to 90 K. They attributed the increase in Tc to the 

mcrcasc in the hole concentration in the Cu02 planes. It would be interesting to 

know if there is a similar effect when monovalent cations are substituted for 

Ba2
•• 

It is generally known that the synthesis of the Y-124 phase by solid-state 

reacuon requ1res a h1gh oxygen pressure of 400 bar and a high temperature of 

1040 oc !41. Flux method [9], spray drying [ 10] or sol-gel technique [ 11 ], 

however. have recently been shown to enable the formation of the Y -124 phase 

under I atm oxygen at temperatures lower that 800 oc. A single-phase Y-124, 

in fact, can be prepared by heating metal acetate-derived gels at 780 oc under 1 

atm oxygen 112.131. as described in Chapter 1. This suggests that the sol-gel 

technique has great advantage in preparing a single Y- 124 phase with partially 

substituted elements. 

In this section, attempts were made to prepare YB~-xR.Cu408 (R=Sr, K 

or Na) by the sol-gel method and examine the changes in the lattice constants, 

the oxygen content, the hole concentration, Tc, and the microstructure with the 

Ba-site substitution. Replacement of Ba2
• by Sr2

•, which has a smaller ionic 

rad1us than Ba2
·, was expected to shorten the lattice constant c. Replacement 

of Ba2
• b) K •. which has a lower valence and a similar ionic radius, was 

expected to mcrease the hole concentration. Replacement of Ba2
• by Na•, which 

has a smaller IOnic radius and a lower valence, was expected to have both 
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effects. 

2. EXPERIMENTAL 

2.1. Sample Preparation 

Metal acetates Y(CH3C00)3-4H20 (Mitsuwa Pure Chem1cals. Osaka. 

Japan), Ba(CH3C00)2 (Wako Pure Chemical Industries, Osaka, Japan), 

Sr(CH3C00)2·0.5}\0 (Wako Pure Chemical Industries), CH
3
COOK (Nacalai 

Tesque, Kyoto, Japan), CH3C00Na·3~0 (Nacalai Tesque) and Cu(CH
3
C00)

2 

(Wako Pure Chemical Industries) were used as starting materials. Pertinent 

amounts of metal acetates were dissolved in ion-exchanged water to make an 

aqueous solution with cation molar ratio of Y:Ba:R:Cu= l :(2-x):x:4 (R=Sr, K, 

Na; x=O - 0.6). After stirring for 1 h, an aqueous solution of tartaric ac1d 

(C4H60 6) was added and the solution was stirred for another 2 h. The molar 

ratio of tartaric acid to copper was fixed at C4H60JCu=0.43. The resultant 

transparent solution was concentrated at 80 oc in an oven, and a dried gel with 

blue color was obtained in three days. The gel was pulverized, heated to 780 

oc at a rate of 160 °C/h in flowing oxygen, kept there for l 0 h and cooled in 

the furnace. The resultant powder with black color was ground and heated at 

780 oc in flowing oxygen for other 40 h with intermittent grinding every 10 h. 

The resultant powder products were pressed into pellets and sintercd at 780 oc 
for 10 h in flowing oxygen for the electrical resistance measurements. 

2.2. X-Ray Analysis 

The crystalline phases in the product were identified by the powder x-ray 

diffraction (XRD) method with a Rigaku Denki Company model RAD-IIA 
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di ffractomcter usmg CuKa radiation. The lattice constants of the Y -124 phase 

were determined by XRD using Si as the internal standard substance. The d 

values were calculated from the measured 28 values using the least square 

method. 

2.3. l odometric Titration 

The oxygen contents of the products were determined by an iodometric 

titration technique, as shown in Fig. 2. First, for the determination of the total 

copper content in the product, the exactly weighed powder product (W1 g) was 

dissolved in I N IICl, and KI and a buffer solution consisting of ammonium 

acetate and acetic acid were added to the solution. The resultant solution was 

utrated with a N/1 00 N~S203 standard solution (V1 l) using an aqueous solution 

of starch as an mdicator, while the solution was purged with N2 gas. For the 

determination of the valence of copper represented by Cu2
·P, the exactly weighed 

powder product (W2 g) was dissolved in 1 N HCl solution to which KI was 

beforehand added, followed by an addition of the buffer solution. The resultant 

solution was titrated with the N/100 N~S203 standard solution (V2 1). The 

formal charge of copper, 2+p, was determined from the following equation; 

p- ( V/W 2)/(V/W )-1. 

The oxygen content was calculated taking into account the balance of the positive 

and negauve charge of the constituent ions in YB~_xRxCu408 • 

2.4. Flame Spectrometrical Analysis 

The potassium content in the product was determined by a flame 
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spectrometrical analysis. The K-containing product was dissolved in 1 N HCl 

and diluted to make a solution with K+ concentration of 0.1-1.0 ppm. The 

solution was analyzed by a spectrometrical method with a Seiko Instrument 

Company model SAS-727 atomic absorption spectrophotometer. The exact 

concentration of K. in the solution was determined from a calibration curve 

which was obtained using standard solutions of K+ with concentrations of 0.1, 

0.4, 0.7 and 1.0 ppm. 

2.5. Electrical Resistance 

The d.c. electrical resistance of the sintered pellets was measured at 

temperatures from 300 K to 30 K by a four probe method with a Chino Instrument 

Company superconductivity test system. The cooling rate was fixed at 17 K/h. 

2.6. SEM Observation 

The microstructure of the sintered pellets was observed with a Hitachi 

model S-450 scanning electron microscope (SEM). 

3. RESULTS 

3.1. Fomzation ofYBa2.xRxCu40 8 

The formation of the substituted Y -124 crystalline products took place 

through the crystallization process similar to that for the formation of the non­

substituted YB~Cu40s, which was described in Chapter 1. Figure 3 shows the 

XRD patterns of the powder products obtained by heating the gel with a 

composition of YBa18Sr0_2Cu40 8 for 10, 30 and 50 h in flowing oxygen. CuO, 

Y2Cu20 5 , B~Cu305 ... and Ba2Cu30 5_9 remain in the sample in addition to the 
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Fig. 3. The XRD patterns of powder products obtained by heating the 

gel with the composition of YBa~.8Sr0_2Cu408 at 780 oc for 10, 

30 and 50 h in flowing oxygen. 
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Y -124 phase after heating the gel at 780 C for l 0 h. As the heating time 

mcrea~es, the amount of impurity phases decreases and a single phase of 

YBa1~Sr02Cu40s is obtained after heating for 50 h. 

The XRD patterns of the products of YB~_~Sr~Cu408 (Y-124(Sr)), YB~ . 

• K.Cu40R~ (Y-124(K)) and YB~_~Na.Cu408~ (Y-l24(Na)) are shown in Fig. 4, 

'5 and 6, respectively. These figures indicate that a single phase is obtained for 

compositions up to x=0.4 for Sr, x=0.2 forK and x=O.l for Na. For compositions 

of x=0.6 for Sr (Fig. 4), x=0.3 for K (Fig. 5) and x=0.15 for Na (Fig. 6), 

impurity phases such as Y2Cu 20 5, B~Cu305.9, CuO, Y2BaCu0 5 or unknown 

phases remain in the samples after heating for 50 h. 

According to the flame spectrometric analysis, only 0.04 wt% loss in the 

potassium content was observed after the heat-treatment both in YBa19K0.1Cu40 8.6 

and YBauK
0 2

Cu 40H.o· This confirms that the potassium remains in the sample 

after the heat-treatment in an amount corresponding to the starting composition. 

3.2. Lattice Constants 

The lattice constants of theY -124 phases are shown in Table I and Fig. 7. 

The values of YB~Cu408 are a=0.3846 nm, b=0.3869 nm and c=2.723 nm, 

which are in good agreement with the values determined with a neutron diffraction 

method by Lightfoot er al. 114 J The lattice constants a, b and c of the Y -124(Sr) 

phase decrease monotonically with increasing Sr concentration. In the Y -124(K) 

phase, the lattice constant a slightly decreases with increasing K and the lattice 

constants b and c remain almost constant. In the Y -124(Na) phase, the lattice 

constant a decreases wnh increasing Na, whereas b and c remain constant. 

3.3. Oxygen Content 
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Fig. 4. The XRD patterns of powder products obta ined by heating the 

gel of YB~.~Sr,Cu408 for x=O, 0.4 and 0.6 at 780 oc for 30 -

50 h in flowing oxygen. 
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Fig. 5. lne XRD patterns of powder products obtained by heating the 

gel of YB~AKACu408..'1 for x=0.2 and 0.3 at 780 °C for 30-

50 h in flowing oxygen. 
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Table I The lattice constants and the oxygen content of Ba-site substituted 

YB~.xRxCu40z (R=Sr, K or Na). 

Rx Lattice Constants I nm Oxygen Content 
a b c z 

non-substituted 0.3846 0.3869 2.7230 8.04 

Sro.2 0.3837 0.3867 2.7208 7.98 

Sr0.4 0.3833 0.3863 2.7154 7.96 
I 

0\ 
*Sro.6 0.3830 0.3862 2.7144 0 

I 

KO. I 0.3843 0.3871 2.7234 7.83 

Ko.2 0.3842 0.3870 2.7228 7.71 

*Ko.J 0.3842 0.3871 2.7225 

Naa.l 0.3843 0.3868 2.7232 7.85 

*Naa.Js 0.3841 0.3868 2.7225 

*Naa.2 0.3840 0.3869 2.7222 -*Not a single phase of the Y -124. 
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Fig. 7. (b) The lattice constant b of YB~_xRx Cu40 8 (R=Sr, K 
or Na). 
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The oxygen content of the single-phase products are summarized in Table 

I. The non-substituted YB1i:zCu40 8 sample has an oxygen content of 8.04. The 

Y - 124(Sr) samples have oxygen contents of 7.98 for x=0.2 and 7.96 for x=0.4. 

All these values are close to a stoichiometric value of 8. On the other hand, the 

Y- 124(K) and Y-124(Na) samples have oxygen contents of 7.83 and 7.71 for 

x=O.l and 0.2 of K, respectively, and 7.85 for x=O.l of Na, which are 

appreciably lower than 8. These values are lower than those calculated on the 

assumption that decrease in charge due to K+ and Na+ substitution is compensated 

by the formation of oxygen vacancies; the calculated values are 7.95 for x=O.l 

and 7.90 for x=0.2. 

3.4. Electrical Resistance 

The temperature dependence of the electrical resistance of the sintered 

pellets is shown in Fig. 8. All the samples show superconducting transition and 

metallic behavior of conduction above Tc. Table II shows Tc (onset) and Tc 

(end) of the samples. The non-substituted Y -124 sample shows Tc (onset) of 87 

K and Tc (end) of 74 K. The Y-124(Sr) phase of x=0.2 shows 3 K higher Tc 

(onset) and 2 K higher Tc (end) than those of the non-substituted Y -124 phase, 

while the Y-124(Sr) phase of x=0.4 shows 2 K lower Tc (end). The Y-124(Sr) 

phase of x=0.6 containing impurity phases shows 3 K lower Tc (end). The 

Y - 124(K) phase of x=O.l and 0.2 shows 1 K lower Tc (onset) and Tc (end), 

while the Y - 124(K) phase of x=0.3 with impurity phases shows the same Tc 

(end) as the non-substituted Y-124 phase. Both the Y-124(Na) phases ofx=O.l 

(single phase) and 0.2 (not single phase) shows 4 K higher Tc (end) than the 

non-substituted Y -124 phase. 
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Table 11 The superconducting transition tempera­

ture of Ba-site substituted YB~.xRxCu402 
(R=Sr, K or Na). 

Rx T/ onset) I K Tc(end) I K 

non-~ubstituted 87 74 

Sro2 90 76 

Sro4 90 72 

K O! 86 73 

Ko.2 86 73 

NUo i 87 78 

*N~ 2 85 78 

*Not a single phase of the Y-124. 
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3.5. SEM Observation 

The SEM photographs of sintered pellets of the non-substituted Y -124 

phase, Y -124(Sr) phase of x=0.4, Y -124(K) phase of x=0.2 and y -124(Na) 

phase of x=O.l are shown in Fig. 9. It is seen that grains of the Y -124(K) and 

Y-124(Na) phases are larger than those of the non-substituted Y- 124 and Y-

124(Sr) phases. The grain sizes are approximately 0.2- 1.0 Jlm for the non­

substituted Y-124 and Y- 124(Sr) phases, and 1.0 J.lm for the Y-124(K) and 

Y -124(N a) phases. It appears that the Y -124(K) and Y -124(N a) pellets, which 

consist of plate-like grains, are sintered better than the non-substituted Y -124 

and Y -124(Sr) pellets, which consist of smaller spherical grains. 

4. DISC USSION 

4.1. Changes of Lattice Constants 

There are three factors which determine the lattice constants of the present 

Y -124 phases; (1) ionic radii of Ba2\ sr·, K• and Na • [15], (2) their valence 

and (3) oxygen vacancies. All the lattice constants a, b and c of the Y -124(Sr) 

phase decrease with increasing Sr concentration x. In the substitution of Sr for 

Ba, the valence of cations does not change and accordingly oxygen vacancies 

are not fo rmed as mentioned in 3.3. Therefore, the changes of the lattice 

constants are caused by the difference in the ionic radius of Ba2• (0.152 nm) and 

that of sr· (0 .136 nm) [ 15 ]. Since sr· ions are smaller, the introduction of 

Sr· ions into Ba-site would contract the lattice. Fig. 7 shows that this is 

actually the case. It should be noted that a rate of contraction of b-axis with 

increasing x is smaller than that of a-axis. This may result from the existence 

of double CuO chains along b-axis as shown in Fig. 1. 
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Fig. 9. The SEM photographs of the sintered pellets of YB~_xRxCu408; 
(a) non-substituted Y -124 phase, (b) R=Sr, x=0.4, (c) R=Na, 
x 0.1 and (d) R=K, x=0.2. 
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The latta:e con~tant a of the Y -124(K) phase shghtl} decreases \\llh 

mcreastng K concentration. whereas b and c are constant. S1nce the Jomc radu 

of Ba2+ (0.152 nm) and K • (0.159 nm) are nearly the same, 1t 1s assumed that 

the difference in valence and the formation of oxygen vacancies affect the 

lattice constants. wh1ch is explained in comparison with the Y 123 phase as 

follows. In the Y -123 phase, YB~CU:J07~, the lattice constant a increases and 

b slightly decreases with increasing oxygen vacancies li6J. As the oxygen 

content decreases, oxygen vacancies are formed at the 0(4) site, i.e. in the 

CuO single chains along b-axis, and, at the same time, occupation of the chain 

sites along a-axis by oxygen takes place. This may be assumed to correspond 

to the increase in the lattice constant a and the slight decreases in b with 

increasing oxygen vacancies in the Y -123 phase. In theY -124 phase, however, 

1t is thought that oxygen vacancies are less effectlve on the latuce constants, 

especially of b and c-ax1s, than in the Y -123 phase because the number of 

oxygens at the chain site of the Y -124 phase is tw1ce that of the Y -123 phase. 

In addition, the effect of one oxygen vacancy formed in one CuO chain in the 

Y -124 phase may be minimized by the presence of the adJacenr CuO chain. 

These explain the negligible change in the lattice constants b and c 1n Y 124(K) 

phase in spite of the changes in the oxygen content. 

The slight decrease in a-axis in the Y -124(K) phase may result from the 

smaller electrostatic interaction between K• and the Cu02 plane. Bah ions 

strongly interact with the Cu02 plane with a negative charge and shift toward 

the plane in the direction of c-axis. Because of the smaller positive charge, the 

interaction of K. 10ns in the Ba-site with the Cu02 plane may be weaker than 

Ba2
• 10ns. This would cause a larger Cu(2)-0(2) interaction and hence smaller 

Cu(2)-0(2) distance, resulting in contraction of a-axis. 
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The lattice constant a of the Y -124(Na) phase decreases with increasing 

Na concentration, which is thought to be caused by the smaller ionic radius of 

Na· (0.124 nm) than that of Ba2
• (0.152 nm). The lattice constants b and c of 

the Y -124(N a) phase remain almost unchanged with increasing N a concentration. 

It may be possible that the maximum content of Na• that forms the single-phase 

Y - 124, x=O.l in the present case, is so low that the change in the lattice 

constants b and c with the Na concentration might not be clearly detected; the 

rate of change in the lattice constants bin the Y-124(Sr) phase is, in fact, as 

small as that in theY -124(Na) phase in the range of x = 0- 0.2 (see Fig. 7 (b)). 

4.2. Effects of Substitution on Tc 

We have attempted to change the lattice constants and introduce additional 

holes by substituting Sr2
•• K• or Na• for Ba2

• in YB~Cu408. It was observed 

that the contraction of the lattice, especially those along a- and b-axes for the 

substitution of sy2• and Na+, increases Tc, although substitution of sy2• in a 

large amount of x = 0.4 results in a decrease in Tc. 

In oxide superconductors in which carriers are holes, a decrease in the 

bond length of Cu-0 in the Cu02 plane often raises the Tc. Since the high-Tc 

superconductivity in cuprate superconductors is based upon the hybrid of Cu-3d 

and 0-2p orbitals in the two-dimensionally linked [Cu0
2
L as shown in Fig. 10, 

the Cu-0 bond length would affect the electronic structure and hence Tc. When 

the Cu-0 distance in the plane decreases, the overlap of Cu-3d 2 2 and 0-2p 
X -y 0 

orbitals may become larger and the density of carriers may increase. In fact, 

Liu et al. [ 17] found an increase in Tc with decreasing lattice constants a and b 

in the rare-earth substituted Y -124 phases. 

In contrast to the effect of the lattice constants a and b on T, the effect 
c 
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of the lattice constant c 1s controversial. In discussing the physical pressure 

effect, it was shown that Tc of the Y -124 phase increases in proportion to 

decrease in the lattice constant c because of the redistribution of holes between 

the CuO chains and the Cu02 planes, which is caused by the shortening of 

Cu(2) 0(1) distance [5,181. Wada et al. [19], however, synthesized the Sr­

subsututed Y -124 phase under high oxygen pressure, reporting that the change 

in 7 c with increasing Sr content or decreasing lattice constant c is negligible. 

Lately, Ishigaki et al. [20 I claimed that the distribution of holes in the Sr­

substitutcd Y-124 phase is essentially the same as the non-substituted Y-124 

phase at 0 GPa on the basis of the calculation of Madelung energy, taking 

account of the displacement not only of Cu(2) and 0(1) but also of all other 

10ns by Sr substitution. 

Although the changes in Tc with the substitution observed in the present 

study are not quite large, the substitution of smaller cations for Ba2
+ is likely to 

mcrcase Tc through decreasing the lattice constants a and b. This was confirmed 

by substituting three kinds of cations, Sr+, K+ and Na+, two of which have 

smaller ionic radii than Ba1
' and one has almost the same ionic radius as Ba2

•• 

Smce the smaller change in the lattice constant c than a was observed, especially 

in the range of x = 0 - 0.2, it can be concluded that the increase in Tc is caused 

by the contraction of the Cu0
2 

plane in the present substitution. 

The expected increase in Tc (onset) was not observed in the Y-124(K) or 

Y 124(Na) phases. It is thought that the substitution of alkali cations in the 

present work is not effective to increase holes in the Cu0
2 

planes because the 

oxygen vacancies are formed as a result of the charge compensation. On the 

other hand, grain growth of the polycrystalline Y -124 phases was promoted by 

substitution of alkali cations; that is, the grain size increases and the shape of 
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graim changes from particulate to plate like ones. Therefore, in the Na· . 

substllutcd sample, YBa19Na01 Cu40 7 85, the increase m Tc (end) by 4 K may 

result from the decrease in the weak link of grain boundaries rather than the 

effect of the lattice contraction. 

5. CONCLUSION 

The single-phase YBa2.xRxCu40 8 (R=Sr, K, Na) superconductors were 

successfully prepared by the sol-gel method under ambient pressure, and the 

effects of the partial substitution of Sr+, K+ or Na+ for Ba2+ on the structure and 

properties of YB~Cu408 were investigated. 

The lattice constants a, band c of theY -124 phase monotonically decreased 

with substitution of Sr for Ba. The slight increase m Tc (onset) and Tc (end) 

observed at x=0.2 was attributed to the lattice contraction in the Cu02 plane. 

The lattice constant a of the Y -124 phase slightly decreased and b and c 

did not change with substitution of K. The oxygen content decreased and Tr. 

hardly changed with substitution of K. An expected increase in Tc by hole-doping 

could not be achieved because the charge compensation was nor made by the 

formation of holes but by the formation of oxygen vacancies. 

The lattice constant a of the Y -124 phase decreased and b and c did not 

change with substitution of Na for Ba. The oxygen content decreased and Tr. 

(onset) hardly changed with substitution of Na as in the case of that of K. Tc 

(end), however, rose by 4 K on substitution of Na for Ba, probably due to the 

lattice contraction in the Cu0
2 

plane and/or the decrease in the weak link of 

grain boundaries. 

Grain growth and change in the shape of the grains from particulate to 

plate-like ones were observed in the K- and Na-substituted Y-124 samples. 
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SECTION 2 EFFECTS OF SUBSTITUTION OF Li FOR Cu ON 

THE SUPERCONDUCTIVITY OF YBa2Cu40 8 

1. INTRODUCTION 

In order to investigate the mechanism of high-temperature 

superconductivity in copper oxide superconductors, it is of fundamental 

significance to examine the effects of the replacement of copper by other elements, 

because such substitution directly affects the electronic and magnetic structure 

of the Cu02 planes which are responsible for electrical conduction. According 

to the studies previously reported [ 1 ,2], the substitution at Cu-sites drastically 

lowers superconducting transition temperature Tc regardless of the kind of 

subsllluting elements, even if the amount of substituents are very small. The 

destruction of superconductivity is attributed to the magnetic moment arising 

from the substitution f3 ]. Therefore, it is thought that the substituents in 

Cu stte act as magnetic impurities. 

Among the substituents at Cu-site, however, lithium shows some 

interesting effects. Kawai et al. [4] reported that Tc of the Bi-2212 phase 

increases by addition of lithium, which is considered to be substituted for 

copper. This result attracted much attention as the unique case in which Cu-site 

substitution can raise Tc. The reason for the increase in Tc, however, has not 

been clearly explained because of the complexity of the Bi-Sr-Ca-Cu-0 system; 

i l' the Bi-system has three superconducting phases, the Bi-2223, Bi-2212 and 

Bi 220 I with Tc of 110 K, 80 K and 8 K, respectively, and none of them can 

be easily obtained as a pure single phase. In addition, there are two cations (Bi 
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and Cu) v. ith variable valences. Consequently, some reasons for the mcrease 

in 1 c by lithium addition have been suggested to be due to such as change of 

cation ratio, presence of a small amount of Bi-2223 phase or change of carrier 

concentration. 

In YB~C~OY (Y -123), which can be easily produced as a single phase 

and has only one ion, copper, with variable valences, Feduzi et al. [51 

reported that the lithium substitution for Cu causes a decrease in Tc. However, 

because the decrease in Tc is considered to result from a decrease in the hole 

concentration due to the oxygen loss by the charge compensation, an actual 

role of lithium itself at Cu-site cannot be understood. 

On the contrary, since YBa2Cu40 8 (Y-124), which is distinguished from 

YBa
2
Cu

3
0 Y in the number of CuO chains in the structure, has more thermally 

stable oxygen content up to 850°C than YB~C~OY [ 6], the role of lithium as a 

substituent in the Y -124 phase is thought to become much clearer than in the 

Y- 123. In addition, the substitution of Lt for Cu2
• may change both hole 

concentration and T, as observed in the substitution of Ca2
• for Y3

• in the 
c 

Y-124 which changes the hole concentration and raises Tc from 80 K to 90 K 

[7 ]. In this section, effects of the lithium substitution for copper on the 

superconductivity of YBa
2
Cu40

8 
have been examined in order to clarify the role 

of lithium as a dopant to copper oxide superconductors. YB~Cu4.,Li,08 was 

prepared by. the sol-gel method [8] and the subsequent heat-treatment under I 

atm oxygen, and the lattice constants, oxygen content, electrical resistance 

and magneuc susceptibility were measured. 

2. EXPERIMENTAL 
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2.1. Sample Preparation 

Samples were prepared by the sol-gel method using metal acetates as 

starting materials after the experimental procedure described in Chapter 1. 

Y(CH3C00)3-4H20, Ba(CH3C00)2, Cu(CH3C00)2 and CH3COOLi·~O (Wako 

Pure Chemtcals, Osaka, Japan) were dissolved in distilled water to make an 

aqueous solution with a cation molar ratio of Y:Ba:Cu:Li= 1 :2:(4-x):x (x=O, 

0.03, 0.05. 0.08. 0.10 and 0.20). After stirring for 1 h, an aqueous solution of 

tartaric acid (C4 H60 J was added to the acetate solution. The resultant solution 

was stirred for another 2 h and concentrated in an oven at 80 °C. After two 

days a dried gel with blue color was obtained. The gel was pulverized, heated 

to 780 oc at a rate of 160 °C/h in flowing oxygen of 1 atm, kept at 780 oc for 2 

hand cooled in the furnace. The resultant powder with black color was pressed 

into pellets with 13 mm diameter and about 1 mm thick under a pressure of 60 

MPa and heated at 780 oc for 30-50 h with intermittent grinding and pelletizing. 

For comparison, the Li-free and Cu-deficient sample of the nominal YB~C~_9208 
was prepared by the same process as described above. 

2.2. X-Ray Analysis 

The crystalline phases evolved in the samples were identified by the 

powder x-ray diffraction (XRD) method with a Rigaku Denki Company model 

RAD-IIA diffractometer using CuKa. radiation. The lattice constants of the 

Y -124 phases were determined by the internal standard method using Si. 

2.3. lodometric Titration 

The oxygen content of some samples were determined by the iodometric 

titration technique, which was described minutely in 2.3, Section 1, Chapter 
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2. 

2.4. Measurement of Superconductivity 

The d.c. electrical resistance of the samples was measured by a four 

probe method and the a.c. magnetic susceptibility of the samples was measured 

by a Hartshorn bridge method, at temperatures from 300 to 50 K with a Chino 

Instrument Company superconductivity test system. 

3. RESULTS 

3.1. Formation of the Y-124 Phases 

Figure 1 shows the XRD patterns of the YBa2Cu4-,Li,08 samples with 

varying x from 0 to 0.20. The Li-free Y- 124 phase was obtained as a single 

phase by heating at 780°C for 30h in flowing oxygen. The Li-substituted 

Y - 124 samples with x=0.03 , 0.05 and 0.08 was also obtained as a smgle phase 

by the same heat-treatment as that for the Li-free Y -124 sample. On the other 

hand, impurity phases remained in the sample and a single phase of the Y -124 

was not obtained for x=O.l 0 and 0.20, even when the heating time was prolonged 

up to 50 h. Oxygen contents of both the pure Y -124 and Li-substituted Y - 124 

of x=0.08 were determined to be 8.0 by the iodometric titration. 

Figure 2 shows the XRD pattern of the Li-free YBa2Cu3 920 8 sample 

heated at 780°C for 30 h in 0 2• It is seen that the Y - 124 phase is not formed 

and, instead, Y - 123, BaCu02 and CuO are formed. 

3.2. Lattice Constants 

The lattice constants a , b and c of the Li -substituted Y -124 phases are 
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summarized in Table I and shown in Fig. 3. The values for the Li-free Y-124 

are a=0.3846, b=0.3869 and c=2.721 nm, which are in good agreement with 

those reported previously [9,IOJ. It is seen from Fig. 3 that all the lattice 

constants a, band c are almost constant with increasing Li content x within the 

experimental error. 

3.3. Electrical Resistance and Magnetic S usceptibility 

The temperature dependence of the electrical resistance of YB~Cu4-.Li,08 
with x=O, 0.03, 0.05 and 0.08 are shown in Fig. 4. All the samples show 

metallic conductivity with decreasing temperature and superconducting transition 

at 75-83 K. hgure 5 shows Tc (onset) and Tc (end) plotted against Li content x, 

and Lhe value~ of Tc are summarized in Table II. Tc (onset) decreases monotonically 

with increasing x up to 0.05, remains constant from x=0.05 to 0.10 and decreases 

again at x=0.20. Tc (end) decreases similarly with increasing x up to 0.05 and 

then keeps a constant value of 66 K from x=0.05 to 0.20. Note that the samples 

of x=O.l 0 and 0.20 are not the single phase of Y -124. 

Figure 6 shows the temperature dependence of the a.c. magnetic 

susceptibility of YB~Cu4-,Li,08• It is seen that diamagnetism appears in all the 

samples at temperatures 2-6 K lower than Tc (end) observed in electrical resistance. 

Superconducting transition temperature Tc (X), which was determined from the 

susceptibility curve, are plotted against Li content x in Fig. 5 and summarized 

in Table II. Tc (X) decreases in a similar manner to Tc (onset) as the Li content x 

tncreases from x=O to 0.20. 

4. DISCUSSION 
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Table I The la ttice constants of YB3zCu •• Lix0
8

• 

Lithium Content Lattice Constants I nm 

X a b c 

0 0.3846 0.3869 2.721 

0.03 0.3844 0.3867 2.722 

0.05 0.3848 0.3868 2.721 

0.08 0.3846 0.3868 2.723 

*0.10 0.3844 0.3868 2.724 

*0.20 0.3847 0.3868 2.723 

*Not a smglc phase of the 124. 
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Table 11 Superconducting transition tempe-

rature of YB~Cu._ Li 0 . 
X X 4 

T (onset) 
r. Tc (end) Tc (X) 

X !K !K !K 

0 83 77 75 

0.03 78 72 69 

0.05 75 66 64 

0.08 75 66 64 

0.10 75 66 63 

0.20 70 66 59 
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4.1. Effects of Li Substitution on the Formation and Structure o"YBa Cu 0 'J 2 4 8 

A':!. seen from Fig. 2, the Cu-deficient compos111on of YBn~Cu 0 does 4 3.92 y ' 

not form the Y -124 phase. This is probably due to the retarded formation 

reaction of the Y -124. As mentioned in Section 2, Chapter 1, the Y - 124 phase 

is formed from the gel via the following two reactions that proceed simultaneously; 

... (1) 

It should be noted, however, that in the YB~Cu3 920 Y gel a large amount of 

BaCu0
2 

is precipitated in addition to YB~Cu30r and CuO when heated for 30 

h, and no Ba2C~05 9, which is an important intermediate for theY -124 formation, 

is found. These indicate that, first, the reaction (2) does not take place and, 

second, the rate of reaction ( l) is much lowered because a large amount of 

BaCu0
2 

grains prevent the direct contact of the YB~Cu30Y and CuO grains not 

to form the Y-124 phase. On the contrary, the composition of YBa2Cu392Li0 01iOK. 

corresponding to YB~Cu3920r where the Cu defect sites are filled with Lt, 

cou Id form the single-phase Y -124 as shown in Fig. 1. It is considered, therefore, 

that Li can work as the substituent for Cu, leading to the formation of the 

Y -124 ph(lse in the YB~Cu3_92Li0_0808 composition. 

According to the report by Feduzi et al. (5], 10 % of Cu can be replaced 

by Li in the YB~Cu30r samples through the solid-state reaction. On the other 

hand, in the present YB~Cu4 .Li.0
8 

samples the solubili ty limit of Li is around 

x=0.08, which corresponds to 2 %of Cu. Therefore, it is likely that Li can 

more easily be substituted for Cu in the Y -123 phase than in the Y -124 phase. 
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The difference in the solubility of Li between the Y-123 and the Y-124 phases 

may arise from the difference in the formation process between them as well as 

the structural difference; that is, the Y -124 has more complicated formation 

process than the Y- 123 as mentioned above. 

YBa Cu40~ has two different Cu-sites that can be occupied by lithium, 

namely, Cu( I ) of the double CuO chains and Cu(2) of the Cu02 planes. According 

to Felner et al. 111], Fe ions occupy preferentially the Cu( l ) sites while Zn ions 

prefer the Cu(2) sites, and it is likely that the valence of the substituent ions 

determines the Cu-sites to be occupied. That is, ions with valences higher than 

+2 tend to occupy eu(l) site while those with +2 or + 1 tend to occupy eu(2) 

sue. Therefore, it is probable that Lt ions are substituted for the Cu(2) site in 

the present samples. It should be mentioned that in the Y - 123 Li• ions occupy 

the Cu(2) sncs located m the Cu02 planes, as reported by Feduzi et al [5]. 

As seen in Fig. 3, the lattice constants are almost constant with changing 

x m YBa2Cu4 xLix08, which may result from the similar ionic radius between 

Cu2
• (0.73 nm) and Li• (0.76 nm) [12]. Feduzi er al. [5] reported that the lattice 

constant c slightly decreases with increasing Li content in the Y -123. In the 

present Y - 124, however, it is difficult to observe the change in the lattice 

constant c by the Li substitution because of the lower solubility of Li, which is 

one fifth of that in the Y -123. 

4.2. Changes in Superconducting Properties by the Li Substitution 

The formal charge of eu in the YB~eu"-xLi, 0 8 sample with x=0.08 was 

determmed to be +2.27(6) by iodometric titration, which is higher than that in 

YBa2Cu40~, +2.25. This increase in the formal eu charge is comparable to that 

in the ea-substituted Y 0 9etlo ,Ba2eu40 8, +2.275, indicating that additional 
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holes could be introduced in the present sample. However, m contrast to the 

fact that ea substitution can raise the Tc of the 124 from 80 to 90 K [7), the 

present Li-substituted samples exhibited the decrease in Tc with mcreasing Li 

content x as shown in Fig. 5. It is considered, therefore, that the substitution 

of the eu-site is crucial to the superconductivity even in the case of L1; that is, 

the substituents for Cu always diminish Tc or destroy superconductivity of the 

copper oxide systems. 

Xiao et al. [3] reported that the Cu-site substitution in La Sr euO 
2-x • 4 

reduced Tc regardJess of the magnetic or non-magnetic substituents and interpreted 

this as a result of the emerging magnetism in the eu02 planes arising from 

S=1/2 spin of Cu2
\ which leads to the magnetic pair-breaking effect. Felner et 

al. [ 11] reported that in the Y -124 both magnetic Fe ions in the Cu( 1) and 

non-magnetic Zn ions in the eu(2) largely suppress superconductivity. Smcc L1 

ions are not magnetic, the decrease in Tc in the present samples is probably 

attributed to the magnetic moment in the eu02 planes emerging on the Ll­

substitution for the eu(2) ions. If Lt ions did not occupy the Cu(2) site, Tc 

might increase because of the introduced holes. 

The decreasing rate of Tc, dTJdx, in the present YB~eu4 .Li,08 is about 

-l.4xl02 K, which is somewhat smaller than that in YB~Cu4 ,M,OK (M=Fe, 

Zn) [ 11 J. dT jdz,.-6.9x 102 K. This may result from the effects of the different 

valent suqstituents occupying the eu-site. Malik et al. [13 I reported that the 

substitution of Ag for Cu in La18Sr0.2eu,_,Ag,04-s depressed Tc by 50 % at 

x=0.15, which is much less than the effect of the other substituents 131 such as 

Fe, eo, Ni, Zn, etc. Since Ag is ordinarily a monovalent ion as Li in the 

present case, it is likely that the substitution of monovalent ions for eu is less 

effective to suppress the superconductivity than multivalent ion, which is thought 
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to result from the effect of the introduced holes by the substitution. The holes 

may prevent the appearance of the Cu2
+ spin. 

5. CONCLUSION 

The single-phase superconducting YB~Cu4.,Li,08 was successfully 

prepared by the sol-gel method, and the effects of the Li substitution on the 

formation, structure and superconducting properties were examined. A single 

phase of the Y -124 was obtained in the range O:s;x:s;0.08, while impurity phases 

appeared over x=0.10. The lattice constants were almost constant with increasing 

x, probably due to the similar ionic radius between Cu2+ and Li+. The 

superconducting transition temperature decreased monotonically with increasing 

lithium content. The suppression of superconductivity by the Li substitution 

was attributed to the impurity effect in the Cu02 planes, which gives rise to the 

magnetic moment. 
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CHAPTER3 

STRUCTURE AND PROPERTIES OF NdNi03_Y 

PREPARED BY THE SOL-GEL METHOD 

I. INTRODUCTION 

The discovery of high temperature superconductivity in copper oxide 

systems 11 -31 has aroused renewed attention to 3d transition metal oxide systems. 

In particular, the perovskite-related rare earth transition metal oxides with 

metallic conductivity are of great interest in understanding the mechanism of 

superconductivity and searching for new superconducting materials. Perovskite­

type RNi03's (R=rare earth element) show some different behavior of conductivity 

depending on R ions; that is, LaNi03 shows metallic conductivity at any 

temperature and the others with smaller R ions such as Pr, Nd or Sm exhibit 

transition from metallic to semiconducting or insulating with decreasing 

temperature 14.51. The metal -semiconductor or insulator transition temperature 

increases wtth decreasing 10nic radius of the rare earth [5]. 

The preparation of RNi03 meets some difficulties except R=La for the 

two reasons. First, since the formation of RNi03 from R20 3 
and NiO involves 

the oxidatton of nickel from Ni(II) to Ni(II I) in a highly oxidized state, the 

preparation needs high oxygen pressure of 60 kbar and high temperature of 950 
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oc in order to promote the solid-state reaction 161. Second, the perovskite 

structure (see Fig. 1) of RNi03 becomes more distorted with decreasing ionic 

radius of the rare earth from La to Lu. The distorted RNi03 needs to be 

stabilized by applying high pressure such as 60 kbar [61 during preparation, 

otherwise RNi03 would not be formed. Recently, Lacorre et al. [51 has 

reported that the use of nitrates as starting materials enables the preparation of 

RNi0
3 

with R=La, Pr, Nd and Sm under relatively lower pressures of 150 -

200 bar at 1000 °C. 

Instead of the high pressure and high temperature synthesis, the low­

temperature processing, by which higher oxidation state of Ni can be attained, 

should be pursued to facilitate the preparation of RNi03 compounds. For example, 

Vassiliou et al. 17] prepared NdNi03 at 650 oc under 1 atm oxygen pressure 

using oxides dissolved in nitric acid or the gel powders derived from aqueous 

solutions of nitrates containing citric acid and ethylene glycol. They claimed 

that NdNi0
3 

prepared by this method has a rhombohedrally distorted structure, 

which differs from an orthorhombic structure prepared at high pressure 15]. and 

shows the metal -semiconductor (or insulator) transition at 130 K, which is 

lower than 200 K [5] of the onhorhombic NdNi03. These discrepanctes in the 

crystal structure and the electrical property, however, have not been explained 

clearly in their work. 

In the preceding two chapters, it has been shown that the sol gel process 

is very useful for the preparation of the superconducting oxides at lower 

temperatures under ambient pressure. It is of interest, therefore, to apply the 

sol-gel process to various oxides related to superconductors as the novel 

preparation method in searching for new superconducting materials. In this 

chapter, the sol-gel process has been applied to the preparation of NdNi03_Y as 
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Fig. 1. The structure of NdNi03. 
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a technique for the low-temperature process. The gels were obtained from 

aqueous solutions of metal acetates [8] prepared using ethylenediaminetetraacetic 

acid (EDT A) as a chelating agent. The substitution of Y for Nd was earned out 

in order to know the effect of the rare-earth ion size on the structure and 

properties of NdNi03_y· The differences in the structure and properties between 

the present samples and NdNi03 prepared at high pressure by Laccore et al. [5 J 

were discussed in terms of the structure and oxygen deficiency. 

2. EXPERIMENTAL 

2.1. Preparation of Samples 

Figure 2 shows the flow chart of the sol-gel processing m this work.. 

Metal acetates Nd(CH3C00)3·H20 (Wako Pure Chemical Industries, Osaka, 

Japan), Y(CH3C00)3·4~0 (Mitsuwa Pure Chemicals, Osaka, Japan) and 

Ni(CH3C00)2 (Wako Pure Chemical Industries) were used as starting materials. 

The metal acetate reagents were dissolved in distilled water to make an aqueous 

solution with cation molar ratio of Nd:Y:Ni=(l -x):x:l (x=O. 0.1, 0.2). After 

adding EDTA, the solution was stirred for 2 h. The molar ratio of EDTA to 

nickel was fixed at EDTA/Ni= 1. The resultant transparent solution in blue 

color was concentrated in an oven at 80 oc for 3 days to be gelled. The 

transparen_t blue gels were pulverized using an agate mortar, heated to 700 oc 
at a rate of 2.5 °C/min in air or 0 2, and kept there for I 0 h to obtain the powder 

samples. The pulverized gels were heated to 400 oc at a rate of 2.5 °C/min in 

air and kept there for 1 h, and the resultant black powders were ground, 

pressed into pellets of 13 mm diameter and about 1 mm thtck under a pressure 

of 6 MPa, and heated at 700 oc for 20 - 50 h in air or flowmg oxygen at a 
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Nd(CH3C00)3·H20 , Y(CH3C00)3·4H20 , Ni(CH3C00)2 

Nd:Y:Ni=(1-x):x:1, x:O, 0.1, 0.2 

Heating at 700°C for 
10 hrs in air or 0 2 

I Product (Powder) I 

.. ~-~~ EDTAI 

Stirring for 2 hrs 

, 

I Sol I 
Drying at 80°C for 3 days 

, 
I Gel I 

, 
Heating at 400°C for 
1 hr 

I Powder I 
Pelletizing 

Heating at 700°C for 
20-50 hrs in air or 0 2 

I Product (Pellet) l 
Fig. 2. The process for the synthesis of Nd1 "Y,Ni0

3 
via the sol-gel 

method. 
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heating rate of 5 °C/min. 

2.2. X-Ray Diffraction 

The crystalline phases evolved in the heat-treated product~ were Identified 

by the powder x-ray diffraction (XRD) method with a Rigaku Denk1 Company 

model RAD-II A diffractometer using CuKa radiation. The lamce con~tant~ of 

the Nd 1 ,Y ,Ni03_Y phases were determined by the XRD using Si powder as the 

internal standard substance. 

2.3. lodometric Titration 

The formal valence of Ni in Nd 1_,Y .Ni03_Y was detennined by the iodomeuic 

tirration. The pulverized sample (approximately 0.050 g) was exactly weighed 

(W
1 

g) and covered with 1 g of KI powder in a beaker, to which I 0 m! of 6 N 

HCl was added to make a solution. After adding 10 ml of disulled water and 

subsequently 20 ml of a buffer solution, which contains 116 g of CH3COONH4 , 

86 ml of CH
3
COOH and water in a total volume of 500 ml, the resultant 

solution was titrated with a N/100 N~S203 standard solution until the yellow 

color of the solution vanished. During the titration the solution was purged 

with N
2 

gas. Then 1 % aqueous solution of starch was added as indicator and 

the solution was successively titrated with the N/100 N~S203 standard solution 

(V
1 

I) until the violet color vanished. The fonnal valence of Ni2
•P in Nd1 , Y,Ni03 Y 

was determined from the following equation, 

p =(M- Mo)CV, ... (1) 
w,- MoCV1 

where M is the molecular weight of Nd1_, Y,Ni0 3, M0 is the atomic weight of 
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oxygen and C is the concentration of the N~S203 standard solution. The 

oxygen deficiency, y, was calculated from the equation, y=(l-p)/2, assuming 

that Nd, Y and 0 have the formal valence of +3, +3 and -2, respectively. 

2.4. XPS Measurement 

The x-ray photoelectron spectroscopy (XPS) measurement was performed 

for the pellet products using an UL VAC-PHI model 5500 spectrometer with 

MgKaradiation (15kV-27mA). 

2.5. Electrical Resistance 

The d.c. electrical resistance of the samples was measured by the four 

probe method at temperatures from 50 to 300 K with a Chino Instrument Company 

superconductivity test system. For this measurement, the rectangular samples 

were cut from pellets, with dimensions of roughly l3x3xl mm3
• 

3. RESULTS 

3.1. Fomzation of the NdNi03., Phases 

The heating conditions and the crystalline phases precipitated in the gels 

are summarized in Table I. Figure 3 shows the XRD patterns of the powder 

samples obtained by heating the gel of NdNi03 composition at 700 oc for 20 h 

in air or flowing 0 2• It is seen that the powder sample heated in air consists of 

NdNi03_Y and NiO, and that heated in 0 2 consists of NdNi03_Y, Ndz03 and NiO. 

Traces of Nd20 3 and NiO did not disappear even when heating time was prolonged 

up to 50 h. Both of the pellet samples heated in air and flowing oxygen, on the 

other hand, are the single-phase NdNi03.y as seen in Fig. 4. 
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Fig. 3. The XRD patterns of the powders obtained by heating the gel 

with the NdNi03 composition at 700 °C for 20 h in 0 2 or air. 
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Fig. 4. The XRD patterns of the pellets obtained by sintering the 

heat- treated gel with the NdNi03 composition at 700 oc for 

20 h in 0 2 or air. 
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Figure 5 shows the XRD patterns of the pellet samples Nd1 ... Y.Ni03.Y 

(x- 0.1, 0.2) heated at 700 oc for 20 h in flowing oxygen. The pattern of the 

sample of x=O.l shows the single-phase Nd0_9 Y0.1 Ni03.Y with perovskite structure 

while that of x=0.2 shows the presence of three phases, Nd20 3, NiO and 

Nd1 • Y,Ni03_y · 

3.2. Crystal Structure 

The presence of the peaks near 26°, 35° and 49° in the diffraction pattern 

of the perovskite NdNi0
3 

Y (Fig. 4) evidently indicates that the present NdNi0
3

Y 

has an orthorhombic form like NdNi03 prepared at high pressure by Lacorre et 

a/ [ 5 [. lL should be noted that these peaks are absent in the rhombohedral 

NdNi0
3 

prepared from gels under 1 atm oxygen by Vassiliou et al. [7]. The 

dtscrepancy in crystal structure between the present sample and the sample of 

Vassiliou et al. may arise from the different oxygen contents as mentioned 

below. The lattice constants a, band care summarized in Table II for NdNi03.y 

and Nd0 9 Y0 1Ni03.y prepared in this work and those of NdNi03 prepared under 

htgh pressure of 150 - 200 bar [5]. The values of a=0.5397 nm, b=0.5396 nm 

and c=0.7627 nm of NdNi03.y prepared in the present work are somewhat larger 

than those of NdNi03 prepared under high pressure which exhibits a=0.53888 

nm, b=0.53845 nm and c=0.76127 nm. Nd0.9Y0_1Ni03.Y exhibits a=0.5394 nm, 

b=0.5393 nm and c=0.7618 nm, which are all smaller than those of the non-

substituted NdNi03 .Y. This is attributed to a decrease in the average ionic radius 

of the rare earth due to the substitution of the smaller Y ions for Nd. 

3.3. Valence of Nickel and Oxygen Deficiency 

The values of y, which correspond to the oxygen deficiency, in the 
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Fig. 5. The XRD patterns of the pellets obtained by sintering the 

heat- treated gel with the Nd1 .Y .. Ni03 composition of x=O.l 

and 0.2 at 700 °C for 20 h in 0 2 or air. 
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NdNi03_Y and Nd0_9Y0_1Ni03_Y samples are determined to be 0.24 and 0.23, 

respectively, from the iodometric titration. Consequently, the present NdNi0
3

_Y 

and Ndo 9Y 01 Ni03 y can be described as Nd(Ni2• Ne· )0 and . . - 0.48 0.52 2 76 

Nd0_9Y0)Ne·0.46Ni3
• 0_5,J02_77, respectively, in which almost a half of Ne· ions 

of the stoichiometric NdNi03 is reduced to N?• ions. 

Figure 6 shows the XPS spectrum of NdNi02.76 in the region from 850.0 

to 869.0 eY. The binding energy has been calibrated with the C1s peak at 284.6 

eY. The observed Ni 2p312 peak can be resolved into two components separated 

by 2.5 e V, suggesting that two species of Ni ions coexist in the present sample. 

The peak position of the higher-energy component at 855.5 eV agrees well with 

that of Ne· reported previously [9, 10]. The peak at around 853.5 eY can be 

assigned to Ni2
•, noting that the binding energy of Ni2• in NiO is 853.5-854.0 

eV [9]. The Ni3./Ni2
• abundance is calculated to be 52% for Ni3

• and 48% for 

Ni2
+ from the ratio of the peak area, which is in excellent agreement with the 

result of the iodometric titration. 

3.4. Electrical Properties 

The resistivity of both NdNi02.76 and Nd0_9Y0_1Ni02.77 was approximately 

0.10 Q-cm at room temperature. Figure 7 shows the temperature dependence of 

the electrical resistance of the samples. On cooling, NdNi0276 exhibits metallic 

conductivity with dR/dT>O, where R is the resistance and T is the absolute 

temperature, in the range between 300 and 130 K, and the conducting behavior 

turns into semiconducting at temperatures lower than 130 K. On heating, 

semiconduction is maintained up to 180 K with larger values of resistance than 

that on cooling, and at temperatures higher than 180 K the resistance exactly 

coincides with that on cooling, showing a large hysteresis in one cycle of a 
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Fig. 7. Temperature dependence of the electrical resistance of 
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thermal pattern of the resistance. The resistance of Ndo.9 Y0.1 Ni0277 decreases 

from room temperature to 240 K and then increases with decreasing temperature 

as shown in F1g. 7. On heating, the resistance is larger than that on cooling 

below 240 K and comcides with that above 240 K. 

4. DISCUSSION 

4.1. Rapid Formation of the NdNi03_
1

phases from the gels 

The present preparation method can produce a single-phase NdNi03 Y in 

relatively short heating time of 20 h compared with that of 120 h employed 

previously by Yassiliou et al. l7]. It shoJld be emphasized that the single-phase 

NdN103 Y can be obtained by heating in air, which is less oxidizing condition 

than in 0 2 atmosphere, although the crystallinity is lower in air than in oxygen 

atmosphere. Therefore, it can be said that the high reactivity of the starting 

material<.;, which is attributed to the homogeneous distribution of Nd and Ni 

ions in the gel, makes it possible to obtain NdNi03.y under ambient pressure in 

short time. 

4.2. Effect of Substitution of Y for Nd on the Crystal S tructure 

The formation of the perovskite phase is considerably suppressed in the 

Y -substituted sample of x=0.2 in Nd 1_xYxNi03.y as seen in Fig. 5, which is 

probably caused by the restriction of the ionic radius at the rare earth site. That 

is, the average ionic radius of "Ndo8 Y0_2" is too small to form a stable perovskite 

structure. The tolerance factors of the three crystals, NdNi03, Ndo.
9 
Y o.1Ni03 

and Nd0 bY02Ni03• which are defined as t=(rR+rc)/.fi(r",+r0 ) where rR, rNi and 

r0 are the effective ionic radius of rare earth, nickel and oxygen, respectively, 
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are calculated to be 0.97, 0.96 and 0.95, respectively , using Shannon's 10mc 

radius data (rsd=0.127, rv=O.l075, r:-,,=0.056 and r
0
=0.135 nm) 1111. It 1s 

considered that a boundary lies between t=0.96 and 0.95. belov. wh1ch RNt0
1 

is not formed under ambient pressure. 

4.3. Effect of Oxygen Deficiency on the Crystal Structure 

The formation of oxygen vacancies and, accordingly, that of Ni2
• ions 

affects the crystal structure. It is thought that the bond length of Nih 0 2 IS 

shorter than that of Ni2·-o2
· because of the higher oxidation state of nickel ion 

in the former, which explains the difference in the lattice constants between the 

present NdNi03.y and the NdNi03 prepared by Lacorre et al. [5]. The coordmation 

state around nickel ions should be changed by the formation of oxygen defects; 

that is, a part of Niz. ions are bonded to oxygens less than six, probably 

forming the Ni2+ 0
4 

square plane which is a stable form because of the d11 

electronic configuration of Ni2
•• 

4.4. Electrical Properties of the NdNiO 3_, Phases 

The temperature dependence of resistance of the oxygen deficient 

NdNi0
2
_76 nearly agrees with that observed in NdNi03 prepared by Yassiliou et 

al. [7] with low-temperature method, but differs from the result of NdNi03 

prepared .at high pressure [51, which showed the metal-semiconductor (M-S, 

hereafter) transition at a higher temperature of 200 K. This discrepancy is 

attributed to the difference in the lattice constants and/or the oxygen content 

due to different preparation methods. 

The occurrence of the thermal hysteresis of the resistance can be related 

to possible structural transition at the M-S transition. Lacorre et al. [ 5] has 
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reponed that PrNi03 and NdNi03 show abrupt change in the unit cell volume 

near the M-S transiuon temperature. Also in the present case it is possible that 

this structural change occurs upon cooling and the low-temperature structure is 

frozen upon heating at temperatures over the M-S transition, resulting in the 

thermal hysteresis of the resistance. 

The occurrence of the M-S transition is explained in terms of the band 

structure. Figure 8 shows the schematic model of the band structure around 

Fermi level for NdNi03• The metallic conduction of NdNi03 is caused by the 

overlap of the unoccupied Ni-3d and occupied 0 -2p bands, of which the 

bandwidth varies with temperature and/or structure. According to Torrance et 

a/ 112), the conducting behavior of RNi03 is dependent on the Ni-0-Ni bond 

angle. As the Ni-0-Ni angle becomes smaller by decreasing ionic radius of R, 

the bandwidth becomes narrower and the overlap of the Ni-3d and 0-2p bands 

becomes smaller, eventually resulting in the formation of a charge transfer gap 

between Ni-3d and 0-2p bands to change the conduction from metallic to 

semiconducting. The Ni-0-Ni bond angle can be changed also by temperature; 

that is, the decrease in temperature makes the Ni-0-Ni angle smaller. Therefore, 

the bandwidth becomes narrower with decreasing temperature, which results in 

the M-S transition. The present NdNi02.76 should have the larger Ni-0-Ni angle 

to make the bandwidth larger compared to NdNi03 prepared at high pressure 

because of the larger lattice constants of the former as mentioned in 3.2. This 

well explains the lower M-S transition temperature of the present NdNi02 76. 

The substitution of Y for Nd clearly exhibits the size effect of R ions on 

the M-S transition; that is, Nd0.9 Y0.1Ni0277 exhibits the considerably higher 

M S transition temperature of 240 K than NdNi02.76 with 130 K as seen in Fig. 

7. In addition, the rate of increase in the resistance after the M-S transition 
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with decreasing temperature is much larger in N<io 9Y01 Ni02 n than in NdNi0276• 

These results are attributed to the smaller lattice constants of Nd09Y01 Ni02.77 

than those of l\d'\ii02 w which causes more bent Ni-0-Ni bond and hence the 

narrower bandwidth. 

5. CONCLUSION 

The oxygen deficient NdNi03_r and N<lo 9Y 01 Ni0 3 Y with a perovskite 

structure were prepared under ambient pressure by the sol-gel method starting 

with metal acetates, EDT A and water. A single-phase NdNi03.Y was obtained 

in relatively short time of 20 h by heating at 700 oc in flowing oxygen or air. 

Nd
1 

, Y ,N i0
3 

Y was obtained as a single phase at x=O.l but did not form at x=0.2. 

The amount of oxygen defects, y, was calculated to be 0.24 for NdNi03_Y and 

0.23 for Nd
09

Y
01

Ni0
3
_r· The XPS measurement on Ni evidenced the mixed 

valence state of Ni2+/N?• in the sample. The temperature dependent metal­

semiconductor transition was observed at 130 and 240 K for NdNi03_Y and 

Nd
09 

Y 
0 1

Ni0
3

_r• respectively. The increase in the metal-semiconductor transition 

temperature by the substitution of Y for Nd is attributed to the decrease in the 

lattice constants, which results in the more bent Ni-0-Ni bond and hence the 

narrower bandwidth of Ni-3d and 0-2p bands. 
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CHAPTER4 

EFFECTS OF SUBSTITUTION OF SULFUR FOR 
OXYGEN ON THE STRUCTURE AND 
PROPERTIES OF La2_xSrxCu04 

SUPERCONDUCTOR 

INTRODUCTION 

Partial substitution of elements in the known high-temperature 

superconducting oxides is one of the informative ways of studying the 

superconducting mechanism and is also a way of searching for new 

superconducting materials. Although there have been many studies on the 

chemical substitution of cations in superconducting oxides, few works have 

been aimed at the substitution of anions for oxygen ions. 

Introduction of chalcogenide anions into the known superconducting oxides 

is of interest in that these anions may change the crystal structure due to their 

larger ionic radius than oxygen, without changing the apparent valence state in 

anion sites. In addition, change in the electronic structure is also expected as 

estimated by Adachi and Takano [ 1 ]; they have studied the electronic state of 

CuO/•·, CuS4 l> and CuSe4
6 clusters by DV-Xa method, concluding that overlap 

of S-3p or Sc-4p band and Cu-3d band is larger than that of 0-2p band and 
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Cu 3d band, which indicates that covalency in CuS
4

6- or CuSe/· is larger than 

that in CuO.t cluster. 

In this chapter, the effects of the substitution of sulfur for oxygen on the 

structure and properties of the La2_,Sr,Cu04 system arc discussed. In Section I, 

the effects of sulfur substitution on the superconducting La
184

Sr
0 16

C'u0
4 

are 

described. In Section 2, the non-superconducting La174Sr026CuO.~ and 

La1 70Sr030Cu04 undergo the sulfur substitution. 
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SECTION 1 EFFECTS OF SULFUR SUBSTITUTION ON 

SUPERCONDUCTING La~.84Sr0.16Cu04 

l. INTRODUCTION 

L~_.Sr,Cu04, which is a K2NiF4-type superconducting oxide, is an ideal 

material for studying the mechanism of high-temperature superconductivity 

because of its simple structure (see Fig.l), an easy formation of a single phase 

and a wide range of solid solutions [I j. It has been reported that the electrical 

propert1es of L~ .• sr. Cu04 vary with the Sr concentration x from Mott insulator 

for 0SxS0.06 to superconductor for 0.06SxS0.26 to normal metal for 0.26Sx 

[I [. This variety of the electrical behavior is considered to be related to the 

change of the electronic interaction between Cu-3d and 0-2p bands with varying 

hole concentration in the Cu02 plane. 

As estimated by Adachi and Tak.ano [2,3], the overlap of S-3p and 

Cu 3d bands is larger than that of 0-2p and Cu-3d bands. Therefore, it is 

Interesting to investigate how the structure and properties of superconducting 

oxides change by replacing oxygen with sulfur. Kambe and Kawai [4] have 

shown that incorporation of a small amount of sulfur in YB~Cu307., results in 

the formation of phases having much shorter lattice constants along c-axis, a 

slightly higher Tc and a sharper superconducting transition. Taylor et al. [5] 

have shown that 10 % replacement of CuO with CuS in YB~C~07 • gives rise 

to a superconducting transition at 108 K. Substitution of sulfur for oxygen, 

however, has not been carried out in L~ .• Sr,Cu04 superconductor. 

In this work, effects of the substitution of sulfur for oxygen on the 
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structure and electrical properties of La~.&4Sr0_ 16Cu0 4, which shows the highest 

superconducting transition temperature in the La-Sr-Cu-0 system [1], have 

been investigated. 

2. EXPERIMENTAL 

2.1. Sample Preparation 

A series of ceramic pellets of nominal compositions L~_&4Sr0_ 16Cu04YSY 

(y=O. 0.05, 0.10, 0.13, 0.15, 0.20, 0.30, 0.40, 0.50) were prepared by the solid-state 

reaction using high-purity reagent-grade L~03 (Wako Pure Chemical Industries, 

Osaka, Japan), SrC03 (Nacalai Tesque, Kyoto, Japan), CuO (Kanto Chemical, 

Tokyo, Japan) and CuS (Nacalai Tesque). The chemicals were mixed and 

calcined by heating to 900 oc at a rate of 5 °C/min and being kept there for 5 h 

in air. The calcined powder mixture was ground and pressed into pellets of 20 

mm diameter and 1-1.5 mm thick, and heated to 1000 °C at a rate of 5 °C/rnin, 

kept there for 10 h in air and cooled slowly in the furnace to room temperature. 

2.2. X-Ray Analysis 

Crystalline phases of the products were identified by the powder x-ray 

diffraction (XRD) method with a Rigaku Denki Company model RAD-IIA 

diffractometer using CuKa. radiation. The lattice constants of the crystals were 

determined by the internal standard method using Si or Ge as references. The 

sulfur content in the products was determined by the x-ray fluorescence analysis 

using a Rigaku Denki Company model KG-4 x-ray fluorescence analyzer. 

2.3. Electrical Resistance and Magnetic Susceptibility 
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The d. c. electrical resistance of the samples was measured at temperatures 

from 300 K to 28 K by a four-probe method using a Chino Instrument company 

superconductivity test system. The a.c. magnetic susceptibility of the samples 

was measured from 300 K to 28 K by the Hartshorn bridge method with a 

frequency of 270Hz and an amplitude of 100 mY. 

3. RESULTS 

3.1. Phase Analysis 

Figure 2 (a) - (c) show the XRD patterns of the products with varying 

sulfur content. It can be seen that crystals of K2NiF4 structure are obtained as a 

single phase for Yc. 1~0.20. For higher sui fur contents, y c.1>0.20, however, 

additional peaks of L~02(SOJ and unknown phases appear in the diffraction 

patterns and they grow with increasing sulfur content. 

3.2. Sulfur Content 

The sulfur content was analyzed for the heat-treated products whose 

calculated sulfur content y col is not larger than 0.20, and which were obtained as 

single-phase materials. The analyzed sulfur contents y an• are plotted against the 

calculated sulfur content y col in Fig. 2, and are summarized in Table I. It is seen 

that more than 60 - 70 % of sulfur in the starting powder mixture is left in the 

heating products. The analyzed sulfur content Y.n. is represented by "y" hereafter. 

3.3. Crystal Structure 

The crystal structure at room temperature changes from tetragonal to 

orthorhombic as the sulfur content increases, which is evidenced by the appearance 
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Fig. 2. (a) The XRD patterns of the La184Sr0 16Cu04_YSY samples with 

the calculated sulfur content, y w' of 0, 0.05 and 0.1. 
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Fig. 2. (b) The XRD patterns of the La184Sr016Cu04 YSY samples with 

the calculated sulfur content, y w' of 0.13, 0. 15 and 0.2. 
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Fig. 2. (c) The XRD patterns of the La1 84Sr0.16Cu0 4.py samples with 

the calculated sulfur content, y cat' of 0.3, 0.4 and 0.5. 
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Tclble I T he calcula ted a nd the a nalyzed sulfur content of 

the single-phase La1_84Sr0.16Cu0 4.
1
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0 

0.05 

0.07 

0.09 

0.11 

0.12 

of the diffraction peak splitting; that 1s, the (110) peak of the tetragonal phase 

1s split into the (200) and (020) peaks of the orthorhombic phase for Yc.
1
>0.15. 

Figure 4 shows the sulfur content dependence of the in-plane lattice constants , 

namely a for the tetragonal unit cell and a and h for the orthorhombic unit cell. 

As can be seen in the figure, La184Sr016Cu04_>SY is tetragonal for y~0.09 and 

orthorhombic for y>0.09. The lattice constant a increases with increasmg sulfur 

content in the range y~0.09, where the tetragonal phase is found. The lattice 

constant a decreases once upon the appearance of the orthorhombic phase at y 

equating 0.11 and then increases again at about y=0.12 in the single-phase 

range. The lattice constant b increases with increasing sulfur content tn the 

range O.ll~y<0.30 where the orthorhombic phase is found as the single phase. 

At y>0.30, the lattice constants a and b of the crystals almost invariant within 

the experimental error. Extrapolation of the lattice constants to the lower sulfur 

content, where the crystal phase is single, indicates that the solubility limit 1s 

located around y=0.13. 

Dependence of the lattice constant c on the analyzed sulfur content y is 

shown in Fig. 5. A monotonical decrease in the lattice constant with increasing 

sulfur content is observed. 

The values of the lattice constants are summarized in Table 11. The 

largest deviation of the lattice constants from those of the undoped crystal is 

about +0.3 % for the in-plane lattice constant a and -0.5 % for the lattice 

constant c. 

3.4. Electrical R esistance 

Figure 6 shows the temperature dependence of the d.c. electrical resistance 

of sulfur-doped samples. The superconducting transition temperatures of these 
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Table 11 Lattice constan ts of L~.s4Sr0. 16Cu0"-YSY. 

Sulfur Content Lattice Constants I nm 

Y ana Ycal a b c 

() 0.5338 1.3235 

0.05 0.5344 1.3221 

0.07 0.5350 1.3205 

0.09 0.5356 1.3190 

0.11 0.5346 0.5373 1.3184 

0.12 0.5350 0.5384 1.3167 

0.3 0.5357 0.5389 1.3175 

0.4 0.5354 0.5387 1.3175 

0.5 0.5353 0.5386 1.3170 
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Fig. 6. (a) Temperature dependence of the electrical resistance of 

La1 8-4Sr016Cu04 -flY with y=O, 0.05 and 0.07. 
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Fig. 6. (b) Temperature dependence of the electrical resistance of 

La, 84Sr0.16Cu0 4.ysy with y=O.ll, 0.12 and y c.tl=0.3 and 0.4. 
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samples are summarized in Table Ill. La
184

Sr
016

Cu0
4

, which contains no 

sulfur, shows Tc (onset) at 38 K and Tc (end) at 36 K. Sulfur-doped samples 

with y=0.05 and 0.07 show 1 - 3 K lower superconducting transition temperatures 

than La184 Sr0 16Cu04• While La1 84Sr0 16Cu0 4 shows totally metallic behavior in 

the resistance-temperature curve, sulfur-doped samples show semiconducting 

behavior in the lower temperature region without giving the zero-resistance. T, 

(onset) decreases and the resistance increases with increasing sulfur content. In 

the samples with higher sulfur content of y~O.ll, no superconducting transition 

was observed, at least above 28 K. 

3.5. Magnetic Susceptibility 

Figure 7 shows the temperature dependence of the a.c. magnetic 

susceptibility of the La,84Sr0.16Cu04.YSY samples with y=O, 0.05 and 0.07. The 

samples of y=O and 0.05 show the large signal of diamagnetism at temperatures 

below 33 K (=Tc (X)), which clearly indicates the existence of a large amount 

of superconducting phase in the samples. On the other hand, the sample of 

y=0.07 does not show the superconductivity although the transition has been 

observed at 35 K in the resistance curve as shown in Fig. 6 (a). 

4. DISCUSSION 

4.1. Metal-Semiconductor Transition of the Sulfur-Doped Samples 

All of the sulfur-doped samples La, 84Sr0.16Cu0 4-ysy show the transition 

from metallic to semiconducting behavior with decreasing temperature, whereas 

La Sr CuO shows totally metallic conductivity above Tc as seen in Fig. 6. 184 0.16 4 

This phenomenon can be explained on the basis of the electronic structure of 
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Table Ill Superconducting transition tempe­

rature of La1.84Sr0.16Cu04_YSY. 

Tc (onset) Tc (end) Tc (X) 

y IK !K !K 

0 38 36 33 
0.05 37 33 

0.07 35 
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L~Cu04 161 which is the parent material of the La2 .• Sr.Cu04 solid solutions. 

Because the C'u2> ions with 3d9 electronic configuration in L~Cu04 are 

octahedrally coordinated by six oxygens in the ~Nif4-type structure as shown 

in Fig. 1, the 3d orbitals of Cu2
• are separated into five energy levels due to the 

Jahn-Teller effect. The highest energy level Cu-3d 2 2, which is directed to 
X y 

oxygens m the Cu02 plane, is half-filled with an electron. Because of the 

strong Coulomb interaction between these electrons, the Cu-3d 2 2 band is 
X y 

split into two bands, the upper Hubbard band and the lower Hubbard band, 

forming the llubbard gap between these two bands as shown in Fig. 8. The 

lower llubbard band is filled and the upper is empty. The 0-2p band lies in the 

ll ubbard gap, forming the energy gap with the upper Hubbard band, which is 

called the charge transfer (CT) gap. The 0-2p band and the upper Hubbard 

band of C'u form the hybrid band of the anti-bonding o * 2 2, which is not 
X y 

totally filled with electron. With decreasing temperature, the hybridization of 

these bands becomes smaller and finally disappears to form CT gap, showing 

the metal-semiconductor transition depending on temperature. 

When the Sr2
• ions are substituted for La3

• in La2Cu04, holes are doped 

in the Cu0
2 

plane for the charge compensation, resulting in the totally metallic 

conduction at any temperatures. In other words, the metal-semiconductor 

transition is suppressed with increasing hole concentration in the La
2
_.Sr,Cu0 4 

system. Therefore, the occurrence of the metal-semiconductor transition in the 

present sulfur doped samples may result from the reducing hole concentration 

in the Cu02 plane. Further discussion on this point will be given in Section 2. 

4.2. Relation between Structure and Superconductivity 

There arc several discussions on the relationship between the appearance 
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of superconductivity and the tetragonal-to-onhorhombic phase transition. 

Fleming et al. [71 pointed out that in the L~_.sr.Cu04 system, tetragonal-to­

onhorhombic transition temperature Ts decreases from 533 K to zero when the 

amount of strontium x increases from 0 to 0.20, and the volume fraction of 

Ideal diamagnetism increases with increasing strontium concentration, becoming 

maximum at the composition range where Tr is approaching the superconducting 

transition temperatures. Torrance et al. [ 1], however, concluded that the 

tetragonal-to-onhorhombic transition itself has no relation to superconductivity 

on the basis of the fact that the structural phase transition is observed only for 

x~O.I9, whereas superconductivity is observed until x=0.26. It seems that a 

criucal conclusion on the relation between the phase transition and 

superconductivity cannot be provided at present. 

Apparent compositional changes similar to those taking place in the L~. 

• sr.Cu04 system can be noticed in the La~.84Sr0_ 16Cu04-ysy system. The noticeable 

changes caused by incorporation of sulfur into La184Sr0 16Cu04_YSY are the change 

in the crystal structure at room temperature from tetragonal to onhorhombic and 

the degradation of superconductivity. The change in crystal structure at room 

temperature from tetragonal to orthorhombic implies an increase in the tetragonal­

to-onhorhombic phase transition temperature T.r with increasing sulfur content. 

Such a relation between the increase in T and the decrease in T is also observed s c 

in the L~_.Sr.Cu04 system with decreasing strontium concentration from x=0.16 

10 0. 

Elongation along the in-plane axes and shrinkage along the c-axis, which 

are observed in the La, 114Sr0 16Cu04_YSY system with increasing sulfur content, 

are also observed in the L~ .• Sr,Cu04 system with decreasing strontium content 

from x=O.l6 to 0. In both cases, the degradation of superconductivity is 
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accompanied by such changes of the lattice constants. Fleming et al. [ 71 

considered decreases in the in plane lattice constants a and b and an increase in 

the lattice constant c, that is, the increasing distortion of Cu0
6 

octahedra in the 

crystal structure, as an increase in two-dimensionality of the structure which is 

important for the occurrence of superconductivity. In the La Sr CuO S 
I S4 0.16 4 y y 

system, change of the lattice constants with increasmg sulfur content results m 

the less two-dimensional structure corresponding to less distorted Cu0
6 

octahedra. 

In other words, the axial oxygens come closer to the Cu0
2 

plane, increasing 

the electronic interaction between the axial oxygens and copper atoms, which 

may cause the suppression of superconductivity. 

On the basis of the fact that the substitution of sulfur for oxygen in 

La MSr016Cu04 leads to elongation of the in-plane axes and shrinkage of the 

c-axis, sulfur ions are considered to be incorporated in the in plane sites of the 

Cu02 plane because S2
· ion (0.184 nm) is larger than 0 2 ion (0.138 nm) 181 . 

Considering the fact that the covalency of the Cu-S bond is larger than that of 

the Cu-0 bond [3], the electronic density of Cu in the region along the Cu S 

bond is higher than that of oxygen-bonded Cu. This indicates that the formal 

charge of Cu in the sulfur-doped samples may be lower than that of La1 84Sr 0 16Cu04. 

Since the hole concentration of La184Sr 0 16Cu04 , which has almost no oxygen 

vacancies, is determined by the Sr concentration and for La184Sr0 16Cu0 4 YSY the 

sulfur-substituted oxygens are less than 3 %, it can be said that the change of 

the total hole concentration is less imponant factor affecting the degradation of 

superconductivity in this case. 

5. CONCLUSION 

The replacement of oxygen by sulfur was attempted in La, 84Sr0 16CU04 
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superconductor. and the following changes in the crystal structure and electrical 

properties were found. Superconductivity was degraded as the sulfur 

concentration increased in La,_84Sr0_16Cu04_YSY; superconducting transition 

temperature Tc decreased, semiconducting behavior in the temperature 

dependence of electrical resistance at low temperatures appeared and the electrical 

resistance increased with mcreasing sulfur concentration. The crystal structure 

at room temperature changed from tetragonal to orthorhombic, the in-plane 

lattice constants increased and the c-axis shrank with increasing sulfur content. 

These features of changes in the crystal structure and electrical properties seemed 

to be similar to those observed in L~_,Sr,Cu04 system with strontium content 

decreasing from x=0.16 to zero. 

REFERENCES 

1. J. B. Torrance, A. Bezinge, A. I. Nazzal, T. C. Huang, and S. S. P. 

Parkin, Phys. Rev. B 40, 8872 (1989). 

2. H. Adachi and M. Takano, Physica C 157, 169 (1989). 

3. H. Adachi and M. Takano, in "Chemical Designing and Processing of 

High Tc Superconductors", ed. by K. Fueki, Ministry of Education, 

Science and Culture, Japan, 1993, p. 285. 

4. S. Kambe and M. Kawai , Jpn. J. Appl. Phys. 27, L2342 (1988). 

5. K. N. R. Taylor, D. N. Matthews, and G. J. Russel, J. Cryst. Growth 

85, 628 ( 1987). 

6. K. K. Singh, P. Ganguly, and J. B. Goodenough, J. Solid State Chem. 

52, 254 (1984). 

7. R. M. Fleming, B. Batlogg, R. J. Cava, and E. A. Rietman, Phys. 

-140-

Rev B 35, 7191 (1987). 

8. R. D. Shannon, Acta Cryst A 32, 751 (1976). 

-141-



SECTION 2 EFFECTS OF SULFUR SUBSTITUTION ON 

NON-SUPERCONDUCTING La1.74Sr0•26Cu04 AND 

La1.70Sr0.30Cu04 

1. INTRODUCTION 

It has been reported that the electrical properties of L~ .• sr.Cu04 vary 

with the Sr concentration X from Mott insulator for o::;x::;0.06 to superconductor 

for 0.06::;x::;0.26 to normal metal for 0.26::;x [ 1 ]. In Section 1, it has been 

shown that in La1 K4Sr016Cu04, which shows the highest superconducting transition 

temperature T in L~ .• sr.Cu04 , the sulfur substitution for oxygen leads to the 

changes in the crystal structure and electrical properties; that is, the in-plane 

lattice constants tncrease and the lattice constant c decreases monotonically and 

the superconducting transition temperature decreases with increasing sulfur 

content [2]. It has not been clear yet, however, which is responsible for Tc, 

structure or hole concentration. In this section, in order to understand what 

governs Tc on sulfur substitution, effects of the sulfur substitution on the 

structure and properties of L~ .• sr.Cu04 with higher strontium concentration, 

namely x=0.26 and 0.30 at which superconductivity disappears and metallic 

behav10r is observed, have been investigated. 

2. EXPERIMENTAL 

2.1. Sample Preparation 

Samples of the nominal composition of L~ Sr Cu04- S , where x=0.26, 
'"2-x • y y 
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0.30 and y=O, 0.1 0, 0.20, were prepared from high-purity reagent grade L~ 0 3, 

SrC0
3

, CuO and CuS by the solid-state reaction. The chemicals were mixed 

and calcined by heating at 900 oc for 5 or 10 h in air. A heating rate of 5 

°C/min was adopted. The calcined powder was ground and pressed into pellets 

of 20 mm diameter and 1-1.5 mm thick. The pellets were sintered at 1000 oc or 

1100 oc for 10 h in air and cooled slowly in the furnace to room temperature. 

2.2. X-Ray Analysis 

The x-ray diffraction (XRD) pattern of the samples were taken for the 

identification of the crystalline phases with a Rigaku Denki Company model 

RAD-IIA using CuKa. radiation. The lattice constants of the crystal were 

determined for the samples of x=0.26 by the internal standard method using Si 

as the internal standard substance. The sulfur content in the samples was 

determined by the x-ray fluorescence analysis with a Rigaku Denki Company 

model KG-4 x-ray fluorescence analyzer. 

2.3. Measurement of Superconductivity 

The d. c. electrical resistance of the samples was measured at temperatures 

from 300 K to 28 K by the four-probe method. The a.c. magneuc susceptibility 

of the samples was measured from 300 K to 28 K by the Hartshorn bridge 

method with a frequency of 270 Hz and an amplitude of 100 mY. The d.c. 

magnetic susceptibility of several samples was measured from 50 K to 5 K with 

a Quantum Design MPMS SQUID magnetometer in a static magnetic field of 

200e. 

3. RESULTS 
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3.1. Sulfur Content 

The analyzed sulfur content y of all the samples are plotted against the 

calculated sulfur content of the starting composition in Fig. 1. It is shown that 

more than 70 % of sulfur in the starting mixture remains in the sintered products. 

In order to prepare L~xSrxCu04 with high Sr concentration, the heat treatment 

in oxygen i!, more suitable than that in air. Nevertheless, in this work the heat 

treatment had to be conducted in air; otherwise sulfur may be oxidized and 

may not remain in the solid solution as S2
·• In the following, y represents the 

analyzed sulfur content. 

3.2. Phase Analysis 

The sintering conditions, the analyzed sulfur content and the crystalline 

phases in the products are summarized in Table I. Figure 2 shows the XRD 

patterns of the sintered pellets. For x=0.26, all the samples, whose y values 

are 0, 0.10 and 0.16, are obtained as the single phase of the K2NiF4-type 

structure by heating at 1000 oc for 10 h. For x=0.30, the single-phase sample 

IS obtained for y=0.09 and 0.14 but can not be obtained for y=O by heating at 

1000 oc for 10 h. The sample of x=0.30 and y=O without sulfur substitution 

does not provide the single phase by heating at 1100 oc for 10 h. Under this 

heating condition, sulfur-containing samples of x=0.30 and y=0.07 and 0.19 

are also obtained as the single phase. All the single-phase samples have a 

tetragonal K 2NiF4-type structure at room temperature. 

3.3. Lattice Constants 

The values of the lattice constants a and c of the La~.74Sr0_26CuO""YSY 
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Fig. l. Relation between the analyzed sulfur content and the calculated 
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Table I The sintering condition, the analyzed sulfur content, y, and the crystalline 

phases in the products of L3.z_xSr xCuO 4_rSr" 

Sample No. X Ycal Sintering Condition y Crystalline Phases 

0.26 0 1 000°C, 1 Oh, air 0 ~NiF4-type 

2 0.26 0.10 1 000°C, 1 Oh, air 0.10 ~NiF4-type 

3 0.26 0.20 1 000°C, 1 Oh, air 0.16 ~NiF4-type 

4 0.30 0 1 000°C, 1 Oh, air 0 K
2
NiF4-type, L~SrCu206 

5 0.30 0.10 1 000°C, 1 Oh, air 0.09 ~NiF4-type 

6 0.30 0.20 1 000°C, 1 Oh, air 0.14 ~NiF4-type 

7 0.30 0 11 00°C, 1 Oh, air 0 K
2
NiF4-type 

8 0.30 0.10 1100°C, 10h, air 0.07 ~NiF4-type 

9 0.30 0.20 11 00°C, 1 Oh, air 0.19 ~NiF4-type 
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samples are given in Table 11. Any significant change in the lattice constants is 

not observed with varying sulfur content y. The a-axis value is smaller and the 

c-axb value I'> larger than those of Lau 4Sr0 16Cu04 [2], which has the highest Tc 

of 40 K. 

3.4. Superconducting Properties 

The temperature dependence of the d.c. electrical resistance of 

La174Sr026Cu04 YSY is shown in Fig. 3. The sample with no sulfur, La,_74Sr0_26Cu04, 

shows metallic conduction and superconducting transition at 37 K. The sulfur­

containing sample of y=O.lO, La .. 74Sr0_26Cu0 390S0.w also shows metallic 

conduction and Tc (onset) at 39 K and Tc (end) at 35 K. The sample of y=0.16, 

La, 74Sr
026

CuOH4S0 16, shows semiconducting behavior in the lower temperature 

range and Tc (on~et) at 38 K, but zero-resistance is not observed at least above 

28 K. Figure 4 shows the temperature-resistance curve of L~ 70Sr0_30Cu04 _YSY. 

It is seen that all three samples with y=O, 0.09 and 0.14 show metallic conduction 

at higher temperatures and superconducting transition at 38 K. 

Figure 5 shows the temperature dependence of the a.c. magnetic 

susceptibility of La2.xSrxCu04_YSY samples. Four samples with (x, y)=(0.26, 

0.1 0), (0.26, 0.16), (0.30, 0.14) and (0.30, 0.19) show the signal of diamagnetism 

above 28 K. The other samples do not show superconducting transition. 

The temperature dependence of the d.c. magnetic susceptibility of 

La174Sr026Cu04 YSY measured by SQUID is shown in Fig. 6. The Meissner 

volume fraction of the sulfur-substituted sample of y=O.lO at 5 K is much larger 

than that of the sample containing no sulfur. This result indicates that the 

sample wuh no \Ulfur, La174Sr026Cu04, contains a relatively small amount of 

superconducting phase, while the sulfur-substituted sample contains a larger 
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Table 11 Lattice constants a and c of La .. 
74

Sr 
0

_
26

Cu0 4-~y· 

Sulfur Content Lattice Constants I nm 

y a c 

0 0.377 1.324 

0.10 0.377 1.324 

0.16 0.378 1.322 
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amount of superconducting phase. The larger Meissner volume fraction of the 

latter sample is considered to result from the substitution of sulfur for oxygen, 

as discussed below. 

The composition and superconducting transition temperature of L~. 

,Sr,Cu0
4

_YSY are summarized in Table Ill. All the samples show Tc (onset) at 

temperatures between 37 K and 39 K according to the resistance data, whereas 

only the sulfur-doped samples show superconducting transition above 30 K 

according to the a.c. magnetic susceptibility data. Figure 7 shows the range of 

the Sr concentration x and the sulfur concentration y in which the L~ Sr Cu04- S 
~-X X y y 

compositions exhibit the superconducting transition above 30 Kin susceptibility. 

It is seen that the superconducting range shifts to the higher Sr concentration 

region with increasing sulfur content y. 

4. DISCUSSION 

4.1. Presence of Superconductivity in the Nominal Composition 

La1_7~r0_26Cu04 in the Resistance Measurement 

It has been reported by Torrance et al. [1] that the superconductivity of 

L~_,Sr,Cu04 disappears at the Sr content x equaling 0.26. In the present work, 

however, La1 74Sr
0

_26Cu04 composition corresponding to x=0.26 has shown the 

superconducting transition at 38 K according to the resistance data. This 

discrepancy may be assumed to arise from the difference in the heating atmosphere 

in the preparation process and the resulting absence or presence of oxygen 

vacancies in the products. The distribution of oxygen vacancies, furthermore, 

is considered to result in the phase inhomogeneity of the sample. The 

inhomogeneous phases are theoretically discriminated by the different oxygen 
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Table Ill Composition and superconducting transition 

temperature of La2_~r x CuO 4_YS y' 

X y 

0.26 0 

0.26 0.10 

0.26 0.16 

0.30 0 

0.30 0.07 

0.30 0.09 

0.30 0.14 

0.30 0.19 

Tc (onset) 

!K 

37 

39 

38 

38 

37 

38 

38 

37 
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Tc (end) 

!K 

32 

35 

34 

35 

32 

34 

35 

30 
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Fig. 7. Relation between the strontium content x and the sulfur content y in 
L~_xSrxCu04_YSY which shows superconducting transition above 30 K 
on the measurement of the susceptibility. 
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content L 1 ]. It is plausible to assume that the product of Torrance et al. has an 

exact composition of La1 74Sr0 .26Cu04 as to the oxygen content and accordingly 

has no oxygen vacancies because their product was produced in pure oxygen 

gas, whereas in the present product some oxygens should be lost, leaving some 

oxygen vacancies behind and then causing the phase inhomogeneity, because 

the firing was made in air. 

The formation of oxygen vacancies may correspond to a decrease in the 

hole concentration. According to Shafer et al. [3] and Torrance et al. [ 1], the 

occurrence of superconductivity in the range of 0.06SxS0.26 in the L~ .• Sr. CuO 4 

system is attributed to the presence of suitable concentrations of holes and the 

disappearance of superconductivity at x=0.26 for their products may be caused 

by the presence of excessive holes. In other words, there are upper and lower 

limits of hole concentration in the Cu02 plane for the occurrence of 

superconductivity in L~_,Sr,Cu04 compositions. Then, it can be assumed that 

in the present work, heating the composition of x=0.26 in air causes the formation 

of oxygen vacancies and the phase inhomogeneity, and the appearance of the 

phase that has lower hole concentration than the upper limit results in the 

occurrence of superconductivity. The susceptibility curve of the present 

La~,74Sr0.26Cu04 composition denoted y=O in Fig. 6 shows that a small amount of 

diamagnetism starts to appear below around the Tc (onset) found by the resistance­

temperature curve, indicating the presence of a smal l amount of superconducting 

phase. 

4.2. The Effects of Sulfur Doping on the Superconductivity of La
2

_zSrxCu0
4 

The effects of the sulfur content, y, in L~ .74Sr0.26Cu04-ysy compositions 

on their superconductivity will be discussed by referring to the effect of the Sr 
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content, x, in L~_,Sr,Cu04 compositions on their superconducting behavior. 

According to Torrance et al. [ 1], La2_,Sr,Cu04 compositions are 

o.,uperconducting in the composition range 0.06SxS0.26, and the lattice constant 

a decreases and the lattice constant c increases with increasing Sr content x 

until about x=0.28. Above x=0.28, the lattice constant a increases and c 

decreases with mcreasing x. The latter change in the lattice constants corresponds 

to an increase in oxygen vacancies. The present sample of composition x=0.26 

showing superconductivity prepared in air of lower oxygen partial pressure than 

pure oxygen has a larger a value and a smaller c value than the sample of 

x=0.26 prepared by Torrance et al. [ 1 ], which imply that the present sample has 

a higher amount of oxygen vacancies. 

According to the results in Section 1, the lattice constant a increases and 

the c decreases with increasing sulfur content y in L~_ .. Sr,Cu04-ySy at the 

composltlon of x=O. 16, which might have few oxygen vacancies. On the 

contrary, as shown in Table II, the composition of y=O.IO in the formula 

La174Sr026Cu04 YSY has the same a and c values as those of the composition of 

y=O, which contains no sulfur. It is probable that the replacement of oxygen by 

sulfur suppresses the formation of oxygen vacancies; otherwise the lattice 

constant a would increase and the c would decrease due to the increase in sulfur 

content. 

On the other hand, the susceptibility measurement shown in Fig. 6 indicates 

that the addition of sulfur in an amount corresponding to y=O.l 0 increases the 

degree of diamagnetism below Tc and, accordingly, the amount of the 

superconducting phase. This is in contrary to what is expected from the simple 

concept that the decrease in the amount of oxygen vacancies is accompanied by 

the tncrease tn the hole concentration in the Cu02 plane, which may exceed the 
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upper limit to the superconductivity at the composition of x- 0.26. Therefore, 

the explanation is proposed that the incorporation of sulfur may change the 

electronic struc ture of the Cu02 plane so that the concentration of holes re lated 

to superconducuvity (delocalized holes) might be decreased. 

The effect of S is explained on the basis of the difference in electronegauvity 

between oxygen and sulfur. Copper atoms neighboring sulfur atoms have a 

larger electronic density than other copper atoms coordinated by only oxygens, 

because the electronegativity of sulfur is lower than that of oxygen. It is 

expected then that a part of holes may be trapped and localized by the higher 

electronic density region centered around sulfur atoms, changing into non­

effective, localized holes. This would reduce the concentration of 

superconductivity-related holes, in other words, sulfur doping effecuvely lowers 

the hole concentration in the Cu02 plane. 

Based on the above discussion, a concept is proposed that in La2 ,Sr. Cu04 

S compositions , the electrical and magnetic properues related to 
y y 

superconductivity may be determined by "x-y'', that is, the difference of Sr 

content x and S content y. The system loses superconductivity when "x-y" is 

too large (x is large and S content is small) or too small (S content is too large). 

The application of this assumption to the L~_,Sr,Cu04 YS Y compositions having 

x=0.26 and x=0.30 explain the presence or absence of superconductivity of the 

compositions as follows. The too large "x-y" values of La170Sr030Cu0393S007 

and La170Sr030Cu0391S009 imply the insufficient suppression of the hole 

concentration to reach the upper limit for the appearance of superconductivity. 

The small "x-y'' values of La1 74Sr026Cu03 84S0 16 and La1 70Sr0.30Cu0381S0 19 lead 

to the excessive lowering of the hole concentration resulting in their 

semiconducting behavior in the lower temperature region. The compositions 
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La1 74Sr0 u,Cu0390S0 10 and La170Sr0 _30Cu0384S016 have moderate hole 

concentrations at which superconducting transition at 30 - 40 K is observed in 

both the reSII)tance and the susceptibility measurement, as shown in Table Ill. 

5. CONCLUSION 

The effects of sulfur substitution on the structure and properties of L~_ 

,Sr,Cu0
4 

(x 0.26, 0.30) were studied. It was considered that the sulfur substitution 

reduces the excessive hole concentration of L~-~Sr~Cu04 at higher Sr 

concentration. The lattice constants of La .. 74Sr0_26Cu0 4-ysy were almost constant 

in the range from y=O to y=0.16, which indicates that sulfur substitution causes 

the change in electronic state rather than in structure. The sulfur substituted 

samples exhibited superconducting transition at 37-39 K and the larger Meissner 

volume fra<.:uon than the samples with no sulfur. It was found that the region in 

which La2 ,Sr, Cu04 shows superconductivity shifts to higher Sr concentrations 

with increasing sulfur content y. 
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CHAPTERS 

SYNTHESIS, STRUCTURE AND PROPERTIES 
OF La1_xMxSrFe04 (M=Ca, Sr, Ba, Y) 

1. INTRODUCTION 

Since the discovery of high-temperature superconductivity 1n a series of 

copper oxide systems [ l-31. perovskite-related 3d transition metal oxides have 

attracted renewed attention in understanding the mechanism of superconductivity 

and in searching for new superconductors. From this standpoint, the perovskne­

type NdNi0
3 

Y has been investigated in Chapter. 3. Likewise, A
2
B04 compounds 

(A = rare earth and/or alkaline earth and B = transition metal) with K2NiF4 

structure have been the targets of intensive studies because of their structural 

similarity to the L~ .• Sr. Cu04 superconductor. 

It .is well-known [4-61 that the properties of A
2
B04 compounds change 

depending on the formal valence of transition metal ions and/or the lattice 

constants. The valence of B ions in AzBO 4 is variable with ionic substitution at 

A-site or varying oxygen contents. For example, an increase in Sr2
• ions 

substituted for La3
• in La2_,.Sr,Cu04 results in change in the formal valence of 

copper from Cu2
• for x=O to Cu2

• and Cu3
• mixed state for 0<x<1, and the 
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electrical conducting behavior Changes with X from insulating for Qs;xs;Q.Q6 tO 

superconducting for 0.06<;xs;0.26 to metallic for 0.26s;x [4]. In L~_xSrxNi04 

151. the mixed valence state can be attained, where the Ni2
• /Ne• state results in 

semiconduction while the Ni3
• /Ni4

• state results in metallic conductivity. 

The change tn the formal valence of transition metal ions is often followed 

by the change in the lattice constants; that IS, the change in the oxidation state 

of transition metal ions gives rise to change in interaction between the transition 

metal ions and oxygen ions, which in turn makes the lattice constants change. 

It is known that the lattice constant a decreases and c increases with increasing 

x in La2_xSr x Cu04 , since Cu3
• -Cf· bonds are stronger than Cu2

• -Cf· bonds in the 

Cu02 planes. The change m the lattice constants without any changes in the 

formal valence also affects the properties of ~804• Superconducting L~ . 

• Ba.Cu04 , L~_xSrxCu04 and L~ .• ca.Cu04 of the same x values exhibit different 

superconducting transition temperatures [4,6,7], which results from their different 

lattice constants due to different ionic radii of alkaline earths. 

A series of (La, Sr)2Fe04 solid solutions with ~NiF4 structure (see Fig. I) 

sho\\. different electrical properties depending on the valence of iron and/or the 

La:Sr ratio. It was reported by King er al. [8] that at room temperature 

L~Fe04 with Fe2
• is insulating with resistivity of> 107 Q-cm, and L~ _5 Sr0_5Fe04 

with mixed Fe2./Fe3
• and LaSrFe04 with Fe3

• are semiconducting with resistivity 

of 9.8xl03 .O:.cm and 2.4xl03 .O:.cm, respectively. Although the exact valence 

of iron was not determined in their work, at least it seems that the resistivity of 

(La, Sr) ~Fe04 decreases wnh increasing the ratio of the higher oxidation state of 

iron in the La-rich compositions. 

It is interesting, therefore, to know whether the further oxidized state of 

iron or Fe3./Fe4
• mixed state can be achieved and whether a decrease in resistivity 
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to metallic state is observed in the (La, Sr)2Fe04 system. No work has been 

reported so far, however, on the synthesis and properties of Sr-rich (La, 

Sr)
2
Fe0

4 
with Fe3

• /Fe4
• mixed state. Moreover, if it is possible to substitute the 

other alkaline earth metals such as Ca or Ba for La in LaSrFe04 , it can be 

expected that the changes in both of the valence of iron and the lattice constants 

take place, which may result in the change in the electrical properties. The 

substitution of Y for La can be also expected to change the lattice constants 

without any change in the valence of Fe ions. 

In this chapter, the effects of the substitution of alkaline earths (Ca, Sr 

and Ba) or Y for La on the structure and electrical properties of LaSrFe04 are 

examined. Using polycrystalline samples of La,_xAxSrFe04 (A=Ca, Sr, Ba, 

Q:s;x:s;0.20) and La,_(x+y)YySr,+XFe04 (x=O.lO, O:s;y:s;0.30) prepared by the solid-state 

reaction, changes in the Fe3./Fe4
• ratio, the lattice constants and the electrical 

properties with composition x and y and/or variation of substituents are 

investigated. 

2. EXPE RIMENTAL 

2.1. Sample Preparation 

La1.xAxSrFe04 (A=Ca, Sr and Ba) and LClo_9_Y YYSr~.~Fe04 were prepared by 

the solid-state reaction. The oxide and carbonate powder reagents, L~03 
(99.99%, Wako Pure Chemical Industries, Osaka, Japan), Y 20 3 (99.99%, 

Wako Pure Chemical Industries), SrC03 (99.5%, Nacalai Tesque, Kyoto, 

Japan), CaC0
3 

(99.5%, Nacalai Tesque), BaC0
3 

(99.5%, Nacalai Tesque) 

and Fe20 3 (98.0%, Wako Pure Chemical Industries) were used as starting 

materials. The mixtures of the chemicals with desired atomic ratios were first 
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calcined at 1000 °C for 20 h in air. The calcined powders were ground and 

pressed into pellets of 13 mm diameter and about 1 mm thick under a pressure 

of 60 MPa, heated at 1400 oc for 20 h in air, and cooled in the furnace to room 

temperature. The resultant pellets were annealed in flowing oxygen at 700 oc 
for 50 h. In order to avoid contamination from the supports during the heat­

treatment, the pellets were placed on the calcined powders of the same 

composition, which was supported on a platinum plate. 

2.2. X-Ray Diffraction 

The crystalline phases evolved in the samples after the heat-treatment 

were identified by the powder x-ray diffraction method (XRO) with a Rigaku 

Denki Company model RAD-IIA diffractometer using CuKa radiation. The 

lattice constants of the La,_xAxSrFe04 (A=Ca, Sr and Ba) and L~_9.yY YSr~.~Fe04 
crystals were determined by the XRD using Si as an internal standard substance. 

2.3. EDTA Titration 

The formal valence of Fe in the single-phase L~ _xAxSrFe04 was determined 

by the EDTA titration [9]. Figure 2 shows the schematic diagram of the titration. 

The pulverized sample (approximately 750 mg) was exactly weighed and 

dissolved in a 25 ml aqueous solution containing 1.5 m! of cone. HCI and 283.7 

mg of F.eCI2 (corresponding to 125 mg of Fe2
·) at 60 oc while the solution was 

purged with C02 gas. Then the solution was cooled and diluted with C0
2
-saturated 

water to 50 ml, 1 ml of which was added to a buffer solution consisting of 1 N 

HCl and 1 M C~COONa with a volume ratio of 1:1. After adding a few drops 

of 1 % methanol solution of salicylic acid as indicator, the solution was titrated 

with 0.01 M EDT A standard solution to determine FeJ+ ions. Subsequently, 
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Sample 

Buftur solution 
1N HCI 
1M CH 3COONa 

0.01M EDTA 

0.01M EDTA 

Dissolving at 60°C 
Purging with C02 gas 

Diluting with H20 

~--I Methanol solution of 
salicylic acid 

Fig. 2. The schematic diagram of the EDTA titration for the 
determination of the amount of Fe3

• and Fe 4
+ in the 

sample. 
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after adjusting the pH of the solution to 5 with an aqueous solution of 

hexamethylenetetramine and adding a 0.5 % aqueous solution of methyl thymol 

blue as indicator, the resultant solution was placed in a water bath at 60 oc and 

titrated with 0.01 M EDTA standard solution to determine Fe2
• ions. Representing 

the amount of the first added Fe2+ by p and the determined Fe3
• and Feh by q 

and r, respectively, the amount of Fe4~, m, and Fe3
·, n, in the samples can be 

given as m=p-r and n=q+2r-2p, since Fe4+ and Feh react to form Fe3
• 

(Fe4.+Fe2
• ~2Fe3•) in the solution. 

2.4. Measurement of Electrical Properties 

The d. c. electrical resistivity of the samples was measured at temperatures 

from lOO to 300 K by the three probe method [ 10]. The electrodes were formed 

by evaporating Au onto the surface of the pellets and connected to the leads 

with silver paste. The Seebeck coefficient of the La1 .Sr1._Fe04 samples was 

determined by measuring the electrical voltage produced between both ends of 

the pellet sample when one end of the sample was heated. 

3. RESULTS 

3.1. X-Ray Diffraction Analysis 

The XRD patterns of the heat-treated samples of La1 ,.Sr1 •• Fe04 (O$x$0.20) 

are shown in Fig. 3. In the range O$x$0.10, the patterns show a single phase 

of K
2
NiF4 structure with the tetragonal/4/m.mm space group symmetry. On the 

other hand, the samples of x~O.l5 contain Sr
2
Fe0

4 
~>as a second phase, which 

did not disappear even when heat-treatment at 1400 °C was prolonged up to 30 

h. The color of the samples changed from dark brown for x=O to black for 
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Fig. 3. 111e x-ray diffraction patterns of La1."Sr1uFe04 in the range 

0S:xS0.20 after heating at 1400°C for 20 h in air. 
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x=0.05 and 0.10. 

The XRO pauerns of the heat-treated samples of La
1 
.ca.SrFe0

4 
and 

La1 .Ba.SrFeO 4 (x=O.l 0, 0.15) are shown in Fig. 4. The pattern~ of both the Ca 

and Ba substiwted samples of x=O.lO show a single phase of the tetragonal 

14/mmm ~NiF4 structure. The samples of x=0.15 with Ca and Ba substilUtion 

contain Sr2Fe04 6 as a second phase, as in the case of the L~ ,Sr
1 
•• Fe0

4 
samples . 

The XRD patterns of the heat-treated samples of L~9 y Y YSr
1 1

Fe0
4 

in the 

range 0.1 0S:yS:0.30 are shown in Fig. 5. The patterns of the samples of y=O.l 0 

and 0.20 show a single phase of tetragonal/4/mmm ~NiF4 structure, whereas 

the sample of x=0.30 contains a trace of Y 
2
0

3 
as an impurity phase. 

3.2. FeJ•/Fe 4
• Ratio and Oxygen Content 

The relative abundance (%) of Fe3
• and Fe4

• of the single-phase L~. 

.A.SrFe04 (x=O, 0.05, 0.10 for A=Sr and x=O.IO for A=-Ca, Ba) samples are 

summarized in Table I, and the Fe4
• abundance is plotted agamst the calculated 

values in Fig. 6 . The abundance of Fe4
• increases from 0.9 to 4.7 to 10.2% 

with increasing x from 0 to 0.05 to 0.10 in La
1
,Sr

1
+xFe0

4
• The abundances of 

Fe
4
• of the Ca and Ba substituted samples with x=O.lO are 8.7 % and 9.6 %, 

respectively. The measured abundance of Fe4
• in La

1
.,A,SrFe0

4 
is in excellent 

agreement with the calculated one indicating that all the added divalent alkaline 

earth ions are substituted for trivalent La . 

The oxygen content was calculated from the measured Fe3' and Fe4
' 

abundances and the nominal composition, assuming that La, alkaline earths 

and 0 have the formal valence of +3, +2 and -2, respectively. The oxygen 

contents of all the single-phase L~ .• Sr1+xFe04 samples are calculated to be 4.00 

and those of L~9Ca01 SrFe04 and L~9Ba01SrFe04 to be 3.99 and 4.00, 
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Table I T he abundance of Fe3+ a nd Fe4+, oxygen content and lattice 

conshmts of the parent LaSrFe04 and the substituted La 1_~. 
SrFe04 (A=Sr , Ca a nd Ba) and La.,_9_1YrS r~.~Fe04 samples. 

Sample Abundance(%) Oxygen Content Lattice Constants I nm 

LaSrFe04 99.1 

Sr00~ 95.3 

Sr0 10 
89.8 

Sro s• 

Sro2o• 

Yoto 

yo 2o 

91.3 

90.4 

0.9 

4.7 

10.2 

8.7 

9.6 

4.00 

4.00 

4.00 

3.99 

4.00 

• Not a single phase with ~NiF4 structure 
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a 

0.3876 

0.3873 

0.3868 

0.3866 

0.3865 

0.3868 

0.3867 

0.3875 

0.3876 

0.3864 

0.3861 

c 

1.2713 

1.2720 

1.2737 

1.2745 

1.2743 

1.2690 

1.2684 

1.2750 

1.2761 

1.2704 

1.2673 

'#. -C1) 
0 
c 
cu 
"0 
c 
::s 
.c 
cu 

+ 
~ 

C1) 
LL 
"0 
C1) ... 
::s 
Cl) 

cu 
C1) 

:E 

12 r----~~---.,-----.-.---~~---,,----~ . 
10 - • .. · 

• Sr / ll -• ea 
• Ba · • a ~ . 

6 ~ .. ········/ 

4 -

2~ 

0 ~/ I I I I I 
2 4 6 8 10 

Calculated Fe4
• abundance I o/o 

Fig. 6. The calculated and measured abundance of 

Fe 
4

+ in La1_xAxSrFe0 4 (A=Ca, Sr, Ba). 
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respectively. These results indicate that the present ionic substitution does not 

cause the fom1ation of oxygen vacancies. 

3.3. Lattice Constants 

The lattice constants a and c of the L~ _"A"SrFe04 samples are plotted 

agam-.t x m Fig. 7 and summarized in Table I. The experimental error of these 

values is within 0.05 %. The lattice constants of the parent LaSrFe04 obtained 

in the present work, a=0.3876 nm and c= 1.2713 nm, agree well with those 

reported by Shimada and Koizumi [ 11 ]. As seen in Fig. 7, the lattice constant 

a decreases while c increases monotonically with increasing x in La1_"Sr1 .. Fe04• 

The rate of their change with x from 0 to 0.10 is 0.21 % for a and 0.19 % for c. 

In the range x>O.l 0, where the samples contain impurity phases, the change in 

the lattice constants becomes smaller, which is partially because of the imperfect 

solubility of Sr in the compound for x>O.lO. 

Both of the lattice constants a and c decrease monotonically with increasing 

x in La~-x Ca,SrFeO 4• In contrast, the lattice constant a is nearly constant and c 

increases with increasing x in La1 xBaxSrFe04• The rate of decrease in the 

lattice constant a for the ea-substituted sample is 0.21 %in the range O~x~O.lO. 

The rate of change in the lattice constant c is 0.18 % (decreru;e) for the Ca and 

0.29 % (increase) for the Ba substituted sample in the range O~x~O.lO. 

The lattice constants a and c of the L<1o 9.Y Y YSr11Fe04 samples are 

summarized in Table I. Figure 8 shows the change in the lattice constants of 

La, '' •)>y > Sr 1 • .fe0 4 with x and y in the range O~x~O.lO at y=O and 0.10~y~0.20 

at x=O.IO. It IS seen that the lattice constant a, which decreases with increasing 

x 111 La ,Sr ., Fe04 from 0 to 0.1 0, continues to decrease with increasing y in 

La09 Yy >Sr11 Fe04 from 0 to 0.20. On the contrary, the lattice constant c, which 
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increases ~ ith x, turns to decrease with increasing y in the range O$y$0.20. 

The rate of decrease in the lamce constants is 0.18 °-f for a and 0.50 % for c 

with increasing y from 0 to 0.20. 

3.4. Electrical Properties 

As summarized in Table 11, the resistivity of La, ~Sr, •• Fe04 at 300 K 1s 

1.15x105 Q-cm for x=O, 2.2lxl<Y Q-cm for x=0.05 and 6.8lx102 Q-cm for 

x=0.10, which shows a monotonical decrease with increasing x. The resistivity 

of L'\)
9
Ca0 ,SrFe04 and ~.9Ba0 ,SrFe04 at 300 K is 6.72x 102 Q-cm and 8.99x 101 

Q-cm, respectively. Figure 9, 10 and 11 show Arrhenius plots of logp vs. l{T, 

where p is the resistivity and T is the absolute temperature, for a series of 

respectively. Temperature dependences of the resistivity for all the samples 

indicate semiconducting behavior with dpldT<O. 

Since straight lines have been given by an Arrhenius plot in the temperature 

range employed in the present measurements as seen in Fig. 9, 10 and 11, the 

apparent activation energy for conduction , Ea, can be calculated from the plots 

using the following Eq. (1 ), 

lnp=Ej2k8T+C · · · (1) 

where k8 is a Boltzmann constant and C is a constant. The Ea values are 

summarized in Table 11 and those of the L~ .• Sr, .. Fe04 and La09A0 ,SrFe04 

samples are plotted against x and the kinds of A, respectively, in Fig. 12 (a) 

and (b). It is seen that Ea decreases monotonically with increasing x in La,. 

,Sr, •• Fe04 • On the other hand, the value of E" hardly depends on the kinds of 
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Table 11 Electrical properties of La1.xAxSrFeO 4 (A=Sr, Ca 

a nd Ba) and La0_9.y YYSr~.~Fe04; p: resistivity, Ell: 

activation energy for conduction, Q: Seebeck 

coefficient. 

Sample (Ax, YY) pI Q-cm £
11
/eV Q/mVK1 

LaSrFe04 1.15xl05 0.338 0.175 

Sroos 2.2lxl03 0.306 0.152 

Sro•o 6.81xl02 0.281 0.141 

Ca0 w 6.72xl02 0.276 0.147 

Baoto 8.99xl01 0.276 0.140 

Y OIO 0.289 

Yo.2o 0.155 
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alkaline earths in La09A0.1SrFe04• 

The Seebeck coefficient Q was determined from the following Eq. (2) 

[ 12], 

where V,.-Vc and T,.-Tc are the electromotive force and temperature difference 

between the hot and cold ends of the sample, respectively. Figure 13 shows 

Seebeck coefficient Q of the samples La1.,Sr]+,Fe04 as a function of x, and the 

values of Seebeck coefficient Q of the samples are summarized in Table II. All 

the Q values are positive. In La 1 ,Sr1+.Fe04 , Q decreases monotemcally with 

increasing x. 

4. DISCUSSION 

4.1. Changes in the Lattice Constants by Ionic Substitution 

The decrease in the lattice constant a with increasing x as observed in 

La, .Sr1 .. Fe04 cannot be explained by the difference in ionic radius between 

La3
• and Sr2

• since Sr2
• has a larger ionic radius (0.131 nm) than La)+ (0.1216 

nm) 113]. A tentative interpretation can be made on the basis of the electronic 

state of the Fe ions and the crystal structure featured by two-dimensionally 

linked Fe06 octahedra. The models of the Fe06 octahedra with Fe)+ or Fe4
• are 

shown in Fig. 14. The Fe06 octahedra containing Fe3
• ions in the parent 

LaSrFe04 do not undergo J ahn-Teller distortion because they have five 3d 

electrons in a high-spin state [ 14], three of which lie in lower t
21 

orbitals and 

two of which in higher e, orbitals. However, when one electron is removed 
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from thee orbital of Fe3
• ion to form Fe4• ion, and the introduced hole and the 

' 
other retamed eR electron are localized at the Fe4

• ion, the Fe(IV)06 octahedron 

should undergo Jahn-Teller distortion with contraction in x-y plane and expansion 

in 1 dtrecuon. The decrease in the lattice constant a and the increase in c 

ob~erved in La1 ,Sr1 .. Fe0 4 with increasing x are therefore considered to be 

caused by the Jahn-Teller distortion of the Fe06 octahedra. The localization of 

holes on the Fe ions is likely to occur in the K2NiF4 structure featured by the 

strong two-dimensionality, in contrast to the three dimensional perovskite SrFe03, 

which does not exhibit Jahn-Teller distortion because of the itinerant nature of 

e, electrons 1151. 

The rate of decrease in the lattice constant a as observed in La1.,C(\SrFe04 

ts much larger than expected from the slightly smaller ionic radius of Ca2+ 

(0.118 nm) than La3
• (0.1216 nm). This is also thought to result from the 

distorted Fe06 octahedra by Jahn-Teller effect. Little change in the lattice 

constant a m La1 ,Ba,SrFe04 may be attributed to the compensating effects of 

the larger ionic radius of Ba2
• (0.147 nm) and Jahn-Teller distortion, which 

would expand and contract the a-axis, respectively. 

Differing from the case for the lattice constant a, the decrease in the 

lattiCe constant c with increasing X in La, • ca.SrFe04 and the increase in La,_ 

,Sr, .. Fe04 and La, .• Ba,SrFe04 can be appropriately explained by the differences 

in the ionic radius of the alkaline earth ions. Because LaSrFe04 is composed of 

two (La, Sr)O and one Fe02 layers stacked alternatively along the c-axis as 

shov. n in Fig. I, the size of the cations in the (La, Sr)O layers is expected to 

affect more significantly the lattice constant c than the lattice constant a. That 

is, larger ions such as Sr2+ and Ba2
• that are substituted for La3

• elongate the 

imerlayer distance whtle smaller ions such as Ca2
• shorten it, which results in 
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the observed change in the latuce constant c. 

A comparison of the three samples of Lau 9A0_1SrFe04 (A=Ca, Sr, Ba), 

which differ only in the kind of alkaline earth, exhibits clearly the effect of the 

ionic radius on the structure. The lattice constant~ a and c show a 0.18 and 0.47 

% increase, respectively, with increasing ionic radius from 0.118 (Ca2
·) to 

0.147 nm (Ba2
•). The smaller increasmg rate of a is possibly due to the stiff 

Fe-0 bond in the two-dimensional Fe02 planes, which makes the lattice constant 

a difficult to change. In contrast, the larger increasing rate of c reflects that the 

lattice constant c easily changes by the substitution of ions with different ionic 

radii. 

As shown in Fig. 8, the decrease in the lattice constants a and c in 

La0_9_/ YSr, 1Fe04 on changing y from 0 to 0.20 is thought to result principally 

from the smaller ionic radius of Y3
+ (0.1 075 nm) than that of La3

• (0.1216 nm) 

because the substitution of Y3
• for La3

• does not cause the valence change of Fe 

which affects the electronic structure. The rate of decrease in the lattice constants 

is 0.18 % for a and 0.50 % for c with increasing y from 0 to 0.20. Such a 

difference can be also interpreted by the same reason as mentioned above. 

4.2. Changes in the Electrical Properties by Ionic Substitution 

The La1_,Sr1+>Fe04 samples were found to exhibit semiconducting behavior 

and their resistivity decreased with increasing x. The activation energy for 

conduction Ea showed a monotonical decrease with increasing x. The sign of 

the charge carrier and the change in the carrier concentration can be known 

from the Seebeck coefficient [ 12]. The See beck coefficient Q is expressed by 

the following Eq. (3) when the electrical conductivity is ascribed to a single 

kind of carrier [12], 
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where EF is the energy gap between the Fermi level and the transport level, 

bottom of the conduction band (n-type) or top of the valence band (p-type), A 

is the energy transport term, N is the effective density of states at the transport 

level, and c is the carrier concentration. The observed positive Q values 

indicate that the conduction carriers in the present La1_,.Sr1 .. ~Fe04 samples are 

holes. The observation that Q decreases with x suggests that the number of 

carriers increa')es with increasing x. In other words, the number of holes 

increases with increasing Fe4+ formed by charge compensation in substituting 

sfl· for La3
•• It can be concluded, therefore, that the decrease in the resistivity 

of La
1 
,Sr, .. I~e04 with increasing x results from the increase in the carrier 

concentration and the decrease in the activation energy for conduction. Adler 

[ 16] has studied quite recently on the properties of the K2NiF4-type Sr2Fe04-6, 

which corresponds to the composition of x=l in La, ,.Sr1 .. le04 , with 88 %of 

Fe4
• in abundance. According to his report, Srle04~ exhibits semiconducting 

behavior and has the activation energy Ea of 0.18 eV, which is smaller than 

those of the present La
1

_,.Sr, ... Fe04 samples (0.338 eV for x=O and 0.281 eV for 

x=O.l 0). It can be expected, therefore, that La, ,Sr1.,.Fe04 will exhibit 

sem1conducting behavior and Ea will continue to decrease with increasing Fe4
• 

content in the whole range of x. 

The change in the activation energy for conduction Ea of LaSrFe04 by the 

substitution is considered to result from the change in the electronic structure 

around the Fermi level, which is composed of the Fe-3d 2 2 and 0-2p
0 

bands. 
X y 

Since the Fe 3d 2 2 and 0-2p
0 

are the x-y components of the bands, the Fe-0 
X -y 
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distance and angle in the Fe02 planes, which determine the lattice constant a, 

are thought to affect the band structure. The decrease in Ea with increasing x 

observed in La,_,Sr, ... Fe04 , therefore, IS expected to result from the change in 

electronic structure due to the decrease in the lattice constant a as well as the 

increase in the number of holes in the Fe-3d 2 2 or 0 -2p bands. £ values of 
X y Cl a 

the three Liio 9A01 SrFe04 (A~Ca, Sr, Ba) samples, however, were hardly 

dependent on the kind of alkaline earths, although the lattice constant a of 

La09B~ 1SrFe04 (0.3875 nm) is larger than that of La
09

Ciio
1
SrFe0

4 
(0.3868 nm) 

and L~9Sr 1 ,Fe04 (0.3868 nm). In addition, Ea values of the La09 YYYSr,,Fe04 

samples are also almost unchanged with increasing y, as shown in Table ll, 

although the lattice constant a decreases monotonically with increasing y. It is 

thought, in consequence, that the change in the lattice constant a (0.18%) 

attained in the present Lelu 9A0 ,SrFe04 and L<1o
9 

Y YYSr, ,Fc04 is too small to 

change the electronic structure and accordingly the activation energy for 

conduction. Thus the decrease in Ea with increasing x in La, ,Sr, .. ,Fe04 IS 

ascribed to the change in the electronic structure mainly due to the increase in 

the hole concentration. In case of the lattice constant c, because of the two 

dimensional feature of the electronic structure around Fermi level in the x-y 

plane as mentioned above, even the relatively large mcrease (0.47 % for 

La0_9A0 ,SrFe04 and 0.50 % for L~9 Y Y YSr, ,Fe04 ) does not affect the activation 

energy . . 

The resistivities of the three L~ 9A0_ 1 SrFe04 samples, 6.72xl02
, 6.8lxl02 

and 8.99><10' Q-cm for L~9Ca0 ,SrFe04, La09Sr, ,Fe04 and L~ 9Ba0 ,SrFe04, 

respectively, corresponded neither to the change in the activation energy for 

conduction, which is independent of the kind of alkaline earths as shown in 

Fig. 12 (b), nor to that in the Seebeck coefficient, which is almost constant as 
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shown in Table 11. 

5. CONCLUSION 

The formation, latuce constants and electrical properties of the LaSrFe04 

system with substitution of alkaline earths or Y for La were studied, and the 

followmg results were obtamed. 

Single-phase compounds with the K2NiF4 structure were obtained in the 

range O~x~O.lO and O~y~0.20 for La1.xAxSrFe04 (A=Ca, Sr, Ba) and LC!o_9. 

YYYSr
11

Fe04 , respectively. From the EDTA titration, it was shown that Fe3
• 

was oxidized to Fe4
• in an amount corresponding to the substituted alkaline 

earth ion, resulting in a Fe3
• /Fe4

• mixed valence state. The lattice constant a 

decreased monotonically with increasing x for A=Ca and Sr and was almost 

unchanged for A=Ba, whereas c decreased with increasing x for A=Ca and 

increased for A=Sr and Ba. In LC!o 9.Y YYSr1 1Fe04, both the lattice constants a 

and c decreased with increasing y. 

The electrical conductivity of all the substituted LaSrFe04 samples was 

sermconducung in the temperature range of I 00 - 300 K, and the resistivity 

decreased with increasing Fe4~, which was considered to result from the increase 

in the carrier (hole) concentration, as evidenced by the Seebeck coefficient 

measurement and the decrease in the activation energy. The activation energy 

for conduction decreased with increasing x or with increasing Fe4+ in La1• 

,Sr
1 
.. Fe04 • The change in the lattice constant a without changing the Fe4

• 

content, however, did not cause the change in the activation energy in the 

present samples. 
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SUMMARY 

The synthesis, properties and chemical modification of superconducting 

oxides have been studied with a view to developing a new process of preparation, 

elucidating the mechanism of high temperature superconducuvlty, modifying 

the crystal and electronic structure of superconductors and designing chemically 

new superconducting materials. The copper oxide-based superconductors, 

YBa2Cu4 0 8 and L~ .• Sr,Cu04 , have been investigated in the context of prior 

work on the synthesis and structure. The 3d transition metal oxides, NdNi0
3 

Y 

and LaSrFe04 , have been investigated in search for new superconducting 

materials. The application of the sol-gel method to the preparation of YBa2Cu40g 

and NdNi03.Y has opened up a new process for the preparation of superconducting 

oxides. Chemical designing of superconducting materials has been carried out 

by means of chemical modification of YB~Cu40~;, L~.Sr,Cu04, NdNi03 Y and 

LaSrFe0
4

, on the basis of the crystal structure and electronic structure of many 

metal oxi.des. 

In Chapter 1, the results of the application of the sol-gel technique to the 

preparation of YB~Cu408 superconductor have been presented. In Section 1, it 

has been found that a pure single phase of YB~Cu40x (Y -124) is successfully 

obtained by heating a gel powder, which is made from an aqueous solution of 

metal acetates and tartaric acid, in flowing oxygen. The optimum temperature 

-193-



of the heat treatment to produce the Y -124 phase is 780 oc. Heating the gel 

powder at 780 oc for 30 h results in formation of a single phase of the Y -124 

with no impurity peaks observed in the XRD pattern, showing Tc of 80 K in the 

susceptibility measurements. The pellet made of this powder sample shows Tc 

(onset) at 87 K and Tc (end) at 78 Kin the resistance measurements. The pellet, 

which is made from the gel powder heated at 780 oc for 10 h, is a pure single 

phase of the Y-124 showing Tc (onset) of 85 K and Tc (end) of75 K, when it is 

-;1ntered at 780 oc for 30 h. In Section 2, the mechanism of the formation of 

YBa
2
Cu

4
0

8 
from the acetate-derived gel has been investigated. It has been 

shown that there are two key routes for the formation of the Y-124 phase; one 

is the reaction between the tetra-I Y- 123 phase and CuO, and the other the 

reaction between Y 2Cu20 5 and Ba2C~059• The formation of the tetra-I phase 

Y 123, which cannot be prepared by the conventional solid-state reaction under 

amb1ent pressure, and the rapid formation of highly oxidized B~Cu305.9 result 

in the formation of the Y -124 phase in a relatively low 0 2 pressure of 1 atm. 

Chapter 2 describes the effects of the chemical substitution to YB~Cu408 
in terms of the changes in structure and properties. In Section 1, single-phase 

YBa2.~RxCu408 (R=Sr, K, Na) superconductors have been successfully prepared 

by the sol-gel method and the effects of the partial substitution of s?•, K • or 

Na' for Ba2
• on the structure and properties of YB~Cu408 have been discussed. 

The lattice constants a, band c of the Sr-substituted Y-124 phase monotonically 

decrease with increasing Sr concentration. The slight increase in Tc (onset) and 

T, (end) observed at x=0.2 is attributed to the lattice contraction in the Cu0
2 

plane. The lattice constant a of the K-substituted Y-124 phase slightly decreases 

while b and c do not change with increasing K concentration. The oxygen 

content decreases and Tc hardly changes with substitution of K. An expected 
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increase in Tc by hole doping cannot be achieved because of the fom1ation of 

oxygen vacancies. The lattice constant a of the Na-substitutcd Y-124 phase 

decreases while b and c do not change with mcreasing Na concentration. The 

oxygen content decreases and T (onset) hard!) changes with substitution of Na. 

Tc (end), however, rises by 4 K, probably due to the lattice contraction in the 

Cu02 plane and/or the decrease in the weak hnk of grain boundaries. Grain 

growth and change in the shape of the grains from particulate to plate-like ones 

are observed 1n the K- and Na substituted Y -124 samples. In Section 2, the 

effects of the Li substitution on the formation, structure and superconducting 

properties have been examined. A single phase of the Y - 124 is obtained in the 

range O$x$0.08 in YB~Cu4 xLix0 8 , while impurity phases appear when x exceeds 

0.08. The lattice constants are almost invariant with increasing x, probably due 

to the similar ionic radius between Cu2
• and Lt. The superconducting transition 

temperature decreases monotonically with increasing Li content. The 

deterioration of superconductivity by the replacement of Cu with Li is attributed 

to the impurity effect in the Cu02 planes, which g1ves rise to the magnetic 

moment. 

In chapter 3, the synthesis and properties of one of the rare earth nickel 

oxides, NdNi03·r' have been presented. It has been shown that the oxygen­

deficient NdNi03.Y and Nd0.9 Y 0 1Ni03.Y with a perovskite structure are successfully 

prepared under ambient pressure by the sol-gel method starung with metal 

acetates, EDT A and water. Single-phase materials are obtained in relatively 

short time of 20 h by heating at 700 oc in flowing oxygen. The amount of 

oxygen defects, y, is 0.24 for NdNi03.r and 0.23 for Nd0.9Y0 1Ni03·r' which 

results in the mixed valence state of Ni2./N?• in the sample as evidenced by the 

XPS measurement on Ni. The temperature dependent metal -semiconductor 
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transition is observed at 130 and 240 K for NdNi03_Y and Nd0_9 Y 01 Ni03_Y, 

respectively. The increase in the metal-semiconductor transition temperature 

by the substitution of Y for Nd is attributed to the decrease in the lattice 

constants, which results in the more bent Ni-0-Ni bond and hence the narrower 

bandwidth of Ni-3d and 0-2p bands. 

In Chapter 4, the replacement of oxygen by sulfur has been attempted in 

the L~ .sr.Cu04 system, and the changes in the crystal structure and electrical 

properties have been discussed. In Section 1, the results of the sulfur-substitution 

of the La184Sr
0 16Cu0 4 superconductor have been shown. It has been found that 

superconductivity is degraded as the sulfur concentration increases in 

La 1 l!4Sr0 11,Cu0 4 YSY, that is, superconducting transition temperature Tc decreases, 

semiconducting behavior appears at low temperatures and the electrical resistance 

increases with mcreasing sulfur concentration. The crystal structure at room 

temperature changes from tetragonal to orthorhombic, and the in-plane lattice 

constants increase and the c-axis shrinks with increasing sulfur content. These 

features of changes in the crystal structure and electrical properties are quite 

similar to those observed in La2 ,Sr_.Cu04 system with strontium content decreasing 

from x=O.l6 to zero. In Section 2, the effects of sulfur-substitution on the 

structure and properties of L~. Sr. CuO 4 (x=0.26, 0.30) have been studied. The 

lattice constants of La, 74Sr0_26Cu0 4 YSY are almost unchanged in the range from 

y=O to y=O.l6, which indicates that sulfur substitution causes the change in 

electronic state rather than in structure. The sulfur-substituted materials exhibit 

superconducting transition at 37-39 K and the larger Meissner volume fraction 

than the materials with no sulfur addition. It is considered that the sulfur 

substitution reduce the excessive hole concentration of L~ .• sr.Cu04 at higher 

Sr concentration, giving rise to the opumum hole concentration for the appearance 
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of superconductivity. Consequently, the region in which La
2

_.Sr.Cu04 shows 

superconductivity shifts to higher Sr concentrauons with mcreasmg sulfur content 

y. 

Chapter 5 describes the formation, structure and electrical properties of 

the K2NiF4-type LaSrFe04 system with substitution of alkaline earths or Y for 

La. Single-phase compounds with the K 2NiF4 structure are obtained in the 

range of O<x~O.l 0 for La, ,A,SrFe04 (A=Ca, Sr, Ba) and O~y~0.20 for La
09

_ 

r YYSr .fe04 • The Fe3
• ions are oxidized to Fe4

• in an equivalent amount of the 

substituted alkaline earth ion, resulting in a Fe3·/Fe4
• mixed valence state. The 

lattice constant a decreases monotonically with increasing x for A=Ca and Sr 

and is almost unchanged for A=Ba, whereas c decreases with increasing x for 

A=Ca and increases for A=Sr and Ba. In La09_Y YYSr11Fe04, both the lattice 

constants a and c decrease with increasing y. The electrical conductivity of all 

the substituted LaSrFe04 samples is semiconducting in the temperature range of 

lOO 300 K, and the resistivity decreases with increasing Fe4
', which is 

considered to result from the increase in the carrier (hole) concentration, as 

evidenced by the Seebeck coefficient measurement and the decrease in the 

activation energy. The activation energy for conduction decreases with increasing 

x or with increasing Fe4
• in L~ ,Sr, .. Fe04 • The change in the lattice constant a 

without changing the Fe4
• content, however, does not cause the change in the 

activation energy in the present case. 
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