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The phase transition YBa 2(Cul_xFex)307_V (0 ~< x ~< 0.05) prepared through solid-state reac- 
tion was studied with X-ray diffraction analysis and optical microscope. It was found that the 
orthorhombic-to-tetragonal phase change was induced between x = 0.02 and x = 0.03 by 
X-ray diffraction. The phase transition was also identified by the disappearance of striations in 
plate-like grains under polarized light. The microstructures of the specimens with compositions 
of x -- 0.01 and x = 0.02 showed faint striation images. It is considered that a mixture of the 
orthorhombic and tetragonal phase exists in these compositions. 

1. In t roduct ion  
Since the discovery of the high-To superconductor 
[1, 2], intense studies have been developed to under- 
stand the mechanism of superconductivity. Systematic 
substitution of impurity elements for the copper site 
provides a way to elucidate the nature of the supercon- 
ductivity. Recently, several reports have been pub- 
lished for the substitution effects with metallic elements 
[3-10]. When transition elements such as iron, cobalt, 
and nickel substitute for copper in YBa2Cu307 y, the 
linear decrease of Tc (superconducting transition tem- 
perature) is observed with the increasing dopant con- 
centration. In the case of the iron, cobalt and gallium 
substitution, the orthorhombic-to-tetragonal phase 
transition is induced [5, 6, 8, 9]. However, the nickel 
and zinc substitutions stabilize the orthorhombic 
phase [7, 10]. In contrast with the tetragonal phase 
quenched from high temperature, which is not a 
superconductor, the tetragonal phase that is induced 
by the iron substitution reveals bulk superconductivity 
[6]. It was supposed that the phase transition was 
triggered by the impurity atoms located at the Cu~ 
site on the one-dimensional Cu-O chains [7, 8]. The 
elements which result in the phase transition are all 
favour the six-fold coordination of an octahedral site 
and have a valence state of + 3 [7, 8, 11, 12]. It is still 
unclear how the oxygen ordering on the Cu~ chains is 
influenced by the substitution elements. It is well 
known that YBa2Cu307 y has two kinds of phases. 
One is a low-temperature orthorhombic phase, which 
is believed to be responsible for the high-T~ supercon- 
ductivity. The other is a high-temperature tetragonal 
phase. The orthorhombic phase possesses two Cu2 
planes, which are placed between two yttrium and 
barium layers, and one Cu~ chain per unit cell, which 
is located between two barium layers. The tetragonal 
phase, however, has only the Cu2-O plane. It is worth- 
while determining which Cu-O bondings dominate 
high- Tc superconductivity. 

In this paper, the phase transition in 
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YBa2 ( C u  I -x Fe.,-)3 O7-) has been investigated by means 
o f X-ray diffraction analysis and optical microscope 

~rvation. 

2. Experimental procedure 
Ceramic samples ofYBa2(Cul_xFex)307 y (0 ~< x ~< 
0.05) were prepared by the solid state reaction of 
Y203, BaCO3, CuO and Fe203 powders. The content 
of iron substituted for copper was varied from 0 to 
0.05 by 0.01mol. Powder mixtures of appropriate 
composition were well mixed, calcined in air at 910 ~ C 
for 24 h and cooled to room temperature. The reacted 
powders were ground and then pressed under 300 kg 
cm -2 into 10 mm diameter pellets with a thickness of 
5ram. Specimens for microstructural observation 
were prepared under 3000 kg cm 2 in order to increase 
density. The pellets were sintered in air at 925~ for 

2 4 h  and annealed at 400~ in air for 20h. An alu- 
minar plate was used for the heating and annealing of 
all the samples. Resistance measurements were made 
in disc-shaped samples using the four-point probe 
method with silver paint contacts. X-ray diffraction 
data were obtained by powder diffraction utilizing 
Cu(Kc 0 radiation and in the range of 20 from 20 ~ to 
80 ~ Microstructures with an iron content were inves- 
tigated under optical polarized light. 

3. Results and discussion 
Fig. 1 shows the microstructural change of 
YBaz(Cu~_xFex)307_ p oxides with iron content. The 
microstructure of YBa2Cu3OT_y (Fig. l a) consists of 
plate-like grains which contains many striations. The 
striations due to twin lamellae were developed in 
one or two orientations in each grain. In iron-doped 
samples with a composition of x = 0.01 and x = 
0.02, the striation images became faint (Fig. lc). 
Cross-striation was observed in two orientations that 
intersected each other. As the iron content is increased, 
the striation tends to be more faint and the grain was 
refined. For the x = 0.03 sample, the striation was 
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Figure 1 Opt ica l  m i c r o g r a p h s  f r o m  Y B a 2 ( C u  I_,. Fe.~)3OT_ ), oxides  s in tered  a t  9 2 0 ~  for  24 h a n d  a n n e a l e d  a t  4 0 0 ~  for  20 h in air.  (a) x = 0 

(b) x = 0.01 (c) x = 0.02 (d) x - 0.03 (e) x = 0.04 ( f )  x = 0.05. 

partly observed in the whole specimen (the lower side 
of Fig. lc). Above x = 0.03, no striation was found. 
The striations in YBa2Cu3Ov_.~. is observed due to inter- 
ference of the twin image under optical polarized light 
[13]. I t  is reported that the twin formation in 
YBa2Cu307,  is due to orthorhombic distortion 
resulting from the oxygen ordering on the one-dimen- 
sional Cu-O chains [14]. Thus, the disappearance of 
striations with the iron doping means that the 
orthorhombic-to-tetragonal phase transition was 
induced by iron substitution for copper. Fig. 2 shows 
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X-ray diffraction peaks. It can be recognized that all 
the samples were a single phase of perovskite struc- 
ture. It was found that an orthorhombic to tetragonal 
phase transition occurred between x = 0.02 and 
x = 0.03. The variation of diffraction patterns 
with the iron concentration is similar to that of 
YBa2Cu3OT_,. due to a transition from a low- 
temperature orthorhombic phase to a high- 
temperature tetragonal one. The phase transition is 
characterized by the change of peaks around 20 = 32 ~ 
and 58 ~ For Y B a 2 C u 3 0 7 _ y  , intensity of (110)/(103) 
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Figure 2 X-ray peaks changes ofYBa2(Cu ~ rFe.~)307 , with iron 
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peak is higher than that of  (013) peak. As the iron 
content is increased, the intensity ratio between two 
peaks decreases continuously. At x = 0.03, the rever- 
sal of  peak intensity was observed. The reversal of  an 
intensity ratio between (116)/(123) and (213) peaks 
placed near 20 = 58 ~ also occurred at the same con- 
centration. For x = 0.01 and x = 0.02 samples, how- 
ever, new peaks were formed at 20 = 58.4 ~ and 
58.27 ~ . The locations of  these peaks correspond to 
those of  tetragonal (123) peaks. Samples of  x = 0.04 
and 0.05 show a complete tetragonal phase. The tetra- 
gonal (123) peaks were located at 20 = 58.32 ~ and 
58.33 ~ . From the above results, it is considered 
that the orthorhombic-to-tetragonal  phase transition 
passes through the mixture of  the or thorhombic and 
tetragonal phase. 

Fig. 3 shows the lattice parameters for the 
YBa2(CUl_xFex)307_y systems. Since it is difficult to 
separate the tetragonal lattice parameters from the 
mixed-phase patterns, the phases below x = 0.03 is 
expressed with the or thorhombic lattice parameters.  
The orthorhombic YBa2Cu3Ov_y has lattice par- 
ameters of  a = 0.3822nm, b = 0.3895nm and c = 
1.1690nm. Parameters a and b were varied with 
increasing iron content, while the c parameter remained 
unchanged with the phase transition. The phase tran- 
sition of YBa2Cu307 y, which occurred by oxygen 
deficiency and disordering, is accompanied by an 
increase of  c parameter  and affects superconducting 
properties [15]. F rom the fact that c parameter  was 

unchanged when the phase transition occurred, it is 
suggested that the phase transition by iron doping is 
not related to the oxygen deficiency. In comparison 
with the microstructures of  Fig. 1 and the X-ray dif- 
fraction data of  Fig. 2, it can be recognized that 
only the phases having the or thorhombic structure 
reveal the striation by twin lamellae. The twin structure 
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Figure 3 Lattice parameters of YBa2(Cu J_,.Fe~)307 ,, as a function 
of iron content x. 
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Figure 4 R e s i s t a n c e  a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  t h e  

Y B a 2 ( C u l _ , . F e . , . ) ~ O  7 ~. ( - x = 0 ,  .'~ = 0 . 1 ,  - - . -  

x = 0 . 0 2 ) .  

is generated by the oxygen ordering on the one- 
dimensional Cu-O chains. Therefore, this observation 
implies that the iron atoms introduced into the copper 
sites changes of oxygen arrangement on the one- 
dimensional Cu-O chains. 

Fig. 4 shows the relation between the electrical 
resistivity and temperature. For x = 0, zero resistivity 
is achieved at 93.5 K. The samples for x = 0.01 and 
0.02 have lower To's at 92K and 84.5K than that of 
YBa2Cu307 y. The transition width from the normal 
to superconducting state was broadened with iron 
content. It is thought that the reduction of Tc and the 
broadening effect are related to the volume fraction of 
the tetragonal phase by iron doping to the orthorhom- 
bic one. Maeno et al. reported that the tetragonal 
phase induced by iron doping sustained superconduc- 
tivity to x = 0.1 [6]. In YBazCu3Ov_y , Tc is a function 
of oxygen content. Furthermore, the tetragonal phase 
having low oxygen content is not a superconductor. 
Therefore, it is considered that the iron-doped tet- 
ragonal phase may have sufficient oxygen content to 
retain superconductivity. 

The factor that determines the crystal structure 
(orthorhombic or tetragonal) of  YBa2Cu3Ov_y is 
order-disorder arrangement of oxygen atoms on the 
one-dimensional Cu-O chains located between two 
barium layers. The phase transition by iron doping 
may be discussed at the same point. 

The first available factor is a valence state of iron 
substituted for copper. Generally, iron can be in the 
+ 2, + 3 and + 4 state. In YBa2Cu307_y, the valence 
of Cul is believed + 3 in the orthorhombic phase and 
+ 1 in the tetragonal one. Cu2 is considered to be + 2 
in both phases [16, 17]. M6ssbauer experimentals 
reported that the iron atoms was introduced into the 
Cu~ sites with the + 3 state [11, 12]. Since our samples 
were prepared with the same sintering condition and 
full annealing in air irrespective of iron content, suf- 
ficient oxygen pick-up might be made up. Thus, it is 
reasonable to assume the valence state of Cu~ as + 3 
and Cu2 as + 2. The iron atoms are substituted for the 
Cu~ sites having the + 3 state and charge difference 
between two elements is not brought about. It seems 
that the valence state of iron does not affect on the 
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oxygen arrangement on the one-dimensional Cu-O 
chains. The other available factor is the anion (oxy- 
gen) coordination number around the iron atom. In 
orthorhombic YBa2Cu3Oy_y, Cul takes a four-fold 
coordination. Here, two oxygen atoms place on the 
b-axis and two sites on the a-axis are vacant. Iron 
atoms go into the Cu~ sites and prefer a six-fold 
coordination of a octahedral site to a four-fold coor- 
dination. In order to satisfy these surroundings, oxy- 
gen atoms should occupy the vacancy sites on the 
a-axis. The local region where iron atoms were placed 
has a tetragonal symmetry. The volume fraction of the 
tetragonal region to the orthorhombic matrix would 
increase by increasing the iron content. 

The gallium, cobalt and iron that are substituted for 
the Cu~ site stabilize the tetragonal phase [5, 8, 9] while 
nickel and zinc stabilize the orthorhombic one [7, 10]. 
Gallium and cobalt take the + 3 state occupying only 
the CUl site and prefer a octahedral site [7, 8] as does 
the iron. The valence state of nickel and zinc is + 2. It 
is unclear which copper sites the nickel and zinc atoms 
were substituted for. If the nickel atoms were sub- 
stituted for the Cu~ sites, the oxygen atoms would 
leave from the b-axis to compensate the extra minus 
charge due to the charge difference between the two 
elements or the nickel atoms should pick up the oxy- 
gen atoms into the vacancy sites on the a-axis in order 
to satisfy its octahedral coordination. As a result, the 
tetragonal phase would be stabilized. Maeno et al. 
reported that in YBaz(Cu I xNix)3Ov_y, the ortho- 
rhombic phase was stabilized to x -- 0.25 [7]. There- 
fore, it is thought that the nickel atoms would be 
introduced into the Cu2 sites. The zinc atoms prefer a 
tetrahedral coordination to an octahedral coordination 
[18]. When Cu~ is substituted by the zinc atom, the 
surroundings would not change significantly, because 
the coordination numbers of zinc and Cu~ -are the 
same. Thus, even though the zinc atoms substitute the 
Cu~ sites, phase transition would not occur. 

We consider the Cu~ plane where some Cu~ are 
substituted by iron atoms. The oxygen bonds around 
iron crosslinks along the a and b-axis to satisfy the 
octahedral coordination of iron. The region that is far 
from the iron atom may still take the oxygen ordered 
structure. In our samples, the phase transition is 
induced between x = 0.02 and 0.03. These concen- 
trations correspond to the mixed phase as identified 
by X-ray diffraction. Thus, the orthorhombic and 
tetragonal phases would coexist in the concentration. 
If  the oxygen atoms occupy all the vacancy sites 
on the b-axis and some of them on the a-axis, the 
oxygen content ( 7 - y )  would be over 7 in YBa2 
(CUl xFex)3Ov_y. It was confirmed, however, that the 
tetragonal phase induced by iron was not accompanied 
by a large number of oxygen atoms. The tetragonal 
phase induced by iron achieved an oxygen content of 
about 6.8 and in the case of samples doped with 
x = 0.033 of nickel and cobalt, ( 7 - y )  = 6.84 and 
6.85 [6]. Thus, it is suggested that the tetragonal phase 
induced by iron would have the crystal structure in 
which an appropriate amount of oxygen vacancies 
exist on a and b-axis. Oda et al. concluded that the 
Cu~ chains have a little contribution on the high-To 



superconductivity, because the oxygen ordering on the 
Cul chains is broken by the iron atoms substituted for 
the CUl sites [5]. The tetragonal phase induced by iron 
picks up sufficient oxygen content to retain the super- 
conductivity. Therefore, it is considered that the Cul-O 
chain structure would be retained, not broken. 
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