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Abstract 

Structural and superconducting properties of Yl_xCaxSrBaCu3_yMy06+ z (M=A1,Fe,Co) are 

presented. For x =0, for all M, T c decreases as a function of y and insulating state is 

obtained for y=0.4 accompanied by a decrease in the carrier density (p) and the Cu-O apical 
distance (d). For x>0, superconductivity is restored (for y=0.4). A relation between x, Tc, p, d 

and bond valence sum of Cu2 is obtained. Further  in the case of M=Co and y=0.3, an 
enhancement in the irreversibility line as determined by ac susceptibility measurements is 
observed. 

1. Introduction 

The s t ruc tura l  and superconduct ing 
properties of YBa2Cu306+ z as a function of 

subst i tu t ion at  d i f ferent  sites have been 
extensively studied [1]. Recently, several reports 
have appeared on the co-substitution of Ca at Y 
site and M(AI, Fe, Co) atoms at Cu site [2,3,4,5,6]. 
These studies have shown the remarkable  
changes  in normal  and superconduc t ing  

m a x i m u m  t e m p e r a t u r e  T at which the 
P 

imaginary part of the susceptibility occurs was 
measured as a function of dc fields. Resistivity 
and Hall constant, R H (10 mA, 10 kOe) were 

measured by ac techniques. Assuming a single 
band model, the hole density (p) was calculated 
from p = lJeR H. 

3. Results and discussion 

properties that  take place as a result  of Ca x y Te(K) x y 
substitution. For example, it was shown [7] that 
superconductivity could be restored with 10% of 0 0 83 0 
Ca in an otherwise insula t ing samples of 0.1 0.1 72 0.2 
YSrBaCu2.6M0.406+ z (M=A1,Fe). Here, we show 0.3 0.1 76 0.4 

a relation between Tc, x(Ca), Cu-O apical 0 0.2 42 0.1 

distance (d) , bond valence sum (bvs) and the 0.2 0.2 68 0.3 
hole density inferred from Hall measurements 0.4 0.2 70 0 

0.1 0.3 50 0.2 in the title compound. Further, the effect of Ca on 
the irreversibility line on some of the samples is 0.3 0.3 65 0 
presented. 0.1 0.4 29 0.2 

0.3 0.4 60 

2. Experimental techniques 

The po lyc rys ta l l ine  samples  were 
obtained by s tandard ceramic processing. All 
the samples  discussed here  were oxygen 
annealed for 3 days. The ac susceptibility was 
measured (1500 Hz) in an ac field of 0 . 1 0 e .  The 

Te(K) 

0.1 67 
0.1 77 
0.1 76 
0.2 60 
0.2 72 
0.3 29 
0.3 66 
0.4 0 
0.4 40 

Table 1. T c Of Y l . x C a x S r B a C u 3 _ y A l y O 6 + z  

derived from susceptibility data. 

The resistivity and susceptibility curves are 
published elsewhere [8]. Here, we discuss only 
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the summary  of the data  obtained. Table 1 gives 
the T c va lues  of (Ca,A1) subs t i t u t ed  samples  

d e t e r m i n e d  f rom s u s c e p t i b i l i t y  d a t a . T h e  
de t a i l ed  X- ray  s t u d i e s  of t h e s e  s a m p l e s  
discussed elsewhere [8] showed them to be single 
phase  except  for x >0.3. The or thorhombic to 
t e t r agona l  t r ans fo rma t ion  occured for y>0.1 
and was  not  inf luenced by the presence  of 
Ca.With increasing A1, both T and p decreased e 
and when Ca was cosubs t i tu ted  both of them 
increased. Superconduct ivi ty  was destroyed for 
y=0.4, when  p r eached  a cri t ical  va lue  of 

1.5.1021/cm 3 and was res tored  with x(Ca)=0.1 
with T c increasing from 0 to 29K. The increase 

in T c was accompanied by an increase in p. For 

all the samples given in Table 1, we determined 
p at 300K and found a relation between T and p c 
(fig.l). Such a relat ion was well es tabl ished in 
the case of Sr susbt i tu ted La2CuO 4 [9]. We have 

also carr ied  out  Rie tve ld  ana lyses  on these  
samples  and ca lcula ted  in pa r t i cu la r  Cu l -O  
apical dis tance (d). As y increased (with x=0), 
there  was a decrease in d (fig.2a) but  when Ca 
was s u b s t i t u t e d  (for a given y) d increased  
(Fig.2b).  

where rij is the distance between the atom i and 

its sur rounding atom j and r 0 is a empirically 

determined parameter .  Assuming the oxidation 
state of+2 for Cu and -2 for O ,  we took r0=1.679. 
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Fig. 2. Cul-O apical distance (d) as a function of 

(a) y(A]) wi th x(Ca)=0 , scale on the left and (b) 
x(Ca) with y(A1)=0.2, scale on the right. 
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Fig. 1. Hole density (p) measured at 300 K of 
(Ca,AI) samples  (Table 1) as a function of T c. 

Another quant i ty  tha t  is useful to discuss is the 
bond valence sum (bvs). Brown and Al te rmat t  
[10] proposed tha t  the valence of an atom i in a 
solid can be expressed by the following sum 

Vi=Zjexp[(ro - rij)/0.37] 

In the  case of  s t rong ly  hybr id i zed  
s y s t e m s  such as s u p e r c o n d u c t i n g  copper  
oxides,the bvs for the copper a toms should be 
taken to represent  the total charge in the bond. 
One could then monitor  the relative changes in 
bvs as a function of other  pa ramete r s  such as 
oxygen content [11] or substitution. The details of 
the calculat ions are given e lsewhere  [12]. We 
concentrate here only on the bvs of Cu(2). The 
bvs  d e c r e a s e d  as y (with x=0) i nc r ea sed  
indicat ing less positive charge in the Cu(2)-O 
plane which also agreed with our observation of 
a decrease in the measured  hole density. For a 
given y, we observed s teady increase of bvs as a 
function of Ca. This is shown in fig.3 for y=0.2 
and  y=0.4.  It  is c lear  t h a t  bvs  scales  
approximately with T c and p. 

The above data  can be understood 
quali tatively as follows. It has been fairly well 
established that  A1 goes to the Cu l  chain sites[l]. 
Since the average valence of Cu 1 is less than 3, 
A1 substi tution will increase the oxygen content 
in the chains result ing in an increase in 
negative charge and the hole in the plane will 
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tend to reduce as was also explained by Cava et 
al [11] in their charge t ransfer  model. Further ,  it 
was  a rgued  recen t ly  t ha t  wi th in  a class or 
subclass of cupra tes  the var ia t ion of the Cu-O 
bond valence sum could reflect a corresponding 
change in the hole densi ty [13]. Our data  show 
t h a t  T e, p, d and bvs decreased  as y , bu t  

increased as x. Part ia l  subst i tu t ion of Y by Ca 
injects  holes  into Cu-O layers  as was  also 
surmised  earl ier  [14-16]. In par t icular ,  it  was 
shown in 
Y l . x C a x B a 2 C u 3 0  6 + z  , fo r  z<0.4 ,  

superconduct iv i ty  was induced for x>0.2 and 
that  Ca did substitute for Y [15,16]• 

Ca.The rate of increase of T with Ca dependend 
C 

on the subs t i tu t ed  M element .  Whereas  T 
e 

increased s teadi ly  with Ca for A1 and Co, it 
decreased in the  case of Fe af ter  reaching a 
maximum value of about  30 K at around x=0.15 
(fig.4). This decrease could resul t  from several 
factors  such as an increase  in hole dens i ty  
b e y o n d  the  o p t i m u m  va lue ,  c h a n g e s  in 
s t ructura l  pa ramete r s  and pair  breaking effect 
due to an increased occupation of Fe at the Cu2 
planar  sites. Fur ther  experiments  are necessary 
to clarify this point. 
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Fig. 3. Bond valence sum(bvs)  of Cu(2) as a 
function of Ca concentration for Al=0.2 and 0.4. 

B a s e d  on t he  a b o v e  q u a l i t a t i v e  
in terpre ta t ion,  we expect  similar  effects in Fe 
and Co subst i tuted samples since Co and Fe (to 
some extent)  are known to subs t i tu te  the Cu 
chain sites [1]. Indeed, Ca was found to restore 
superconduct iv i ty  in the  o therwise  insula t ing  
samples  con ta in ing  y =0.4 of Fe and Co. 
However,  there  were impor tant  differences. For 
example, we compare the T c values of A1,Fe and 

Co (y=0.4) as a function of Ca concentration in 
rigA. All these samples were annealed at 450 C 
in flowing oxygen for 72 h and furnace cooled. 
For x=0, the oxygen content of these (A1 and Fe) 
samples  were  b e t w e e n  6.98 to 7.05 which 
decreased to between 6.9 and 6.8 as a function of 
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Fig. 4. T c of 0.4 (A1, Fe, Co) samples  as a 

function of x (Ca) concentration.  The lines are 
drawn to guide the eyes. 

In order to invest igate  if subst i tut ion of 
Ca brings about  changes in the superconducting 
s t a te ,  we have  m e a s u r e d  the  i m a g i n a r y  
suscept ib i l i ty  ( % " )  of Co(0.3) samples  as a 
function of T in different static magnetic fields 
H .Though  the  i n t e r p r e t a t i o n  of %" is not 
s t ra ightforward,  several  au thors  have pointed 
out [17] tha t  under  certain conditions, the peak 
observed at  Tp in such exper iments  reflect the 

in te rgranular  critical cur ren t  (Jg)and the T -H 

data  could represent  the irreversibili ty line (IL). 
All the samples studied were of similar size and 
shape. 
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Fig. 5. Tp/T c as a function of applied dc field for 

Co(0.3) s a m p l e s  h a v i n g  d i f f e r e n t  Ca 
concentrations.  

H is plotted as a function of t =T f r  p c 
for x(Ca) = 0,0.1 and 0.2 (fig.5). A remarkable 
enhancement of the IL can be seen as a function 
of Ca. Following Mfiller et al[18] , the data were 

anlysed using the relat ion H=K(1-t) n. We 
obtained n =1.67(x=0), 1.37(x=0.1) and 1.74 
(x=0.2). There was thus no correlation between x 
and the exponent n. However, the constant K 
steadily increased as x(Ca). In the limit of T 

P 
tending to zero, we obtained, from the above 
relation, H= H'= 45, 100 and 7100 Oe respectively 
for x=0, 0.1 and 0.2. If one interprets  the 
appearance of T as due to J then one could 

P g 
possibly say that  Jg vanishes at higher fields H' 

when Ca concentration increased from 0 to 0.2. 
In the absence of a detailed microstructural  
study, we would like to attribute this increased 
pinning to a reduction in oxygen disorder and 
an increase in the electron mean free path. The 
lat ter  could also explain a reduction in the 
normal state resistivity by a factor of 15 when x 
increased from 0 to 0.2 [5]. 

4, Conclusions 

Remarkab le  effects of Ca on the 
structural and superconducting properties of 
Yl_xCaxSrBaCu3_yMyO6+z (M=A1,Fe,Co) were 

observed. In particular, superconductivity was 

restored in the otherwise insulating samples 
with y=0.4 for all M when x>0.1. A relation was 
established between To, hole density,Cu-O apical 

distance and the bond valence sum of Cu2. The 
variation of T with x in the case of (0.4) Fe c 
samples which is different from that in the case 
of A1 and Co samples, could be due to some Fe 
going to Cu planar sites. An enhancement in the 
irreversibility line was found as a result of Ca 
substitution. The compounds studied here and 
the data presented should be useful to test several 
models based on charge transfer, bi-polaron, 
magnetic interactions, phase separation etc. 
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