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In  this  paper  we  report  the  change  in  electronic  structure  of  Cu0.3Co0.7Ba2−xSrxYCu2O7+ı with  change  in
structural  pressure.  Rietveld  refined  X-ray  diffraction  (XRD)  pattern  shows  that  the  samples  are  phase
pure. Decrease  in lattice  parameters  with  increasing  x,  confirms  replacement  by  Sr  ion  at  Ba  ion  site.
The  calculated  tolerance  factor  of the  systems  is  in  accord  with  lattice  parameter  changes.  The  X-ray
photoelectron  spectroscopy  (XPS)  is  made  to find  out  the  variation  in  ionic  state  of  Co and  Cu with  ionic
size  variation  in  BaO/SrO  layers.  Effect  of  the  same  on  the  electronic  structure  and  transport  properties  is
explored. The  XPS  measurement  reveals  that  Cu  is  in  mixed  1+/2+  state  and  variation  in valence  state  is
olerance factor
PS
alence state
esistivity
agnetization

non-monotonous  with  increasing  x.  Whereas  Co is  in  mixed  3+/4+  state  and  with  increasing  x its  valence
state  is increasing.  The  observed  changes  in  electronic  structure  are  subject  of  structural  changes.  The
resistivity  measurement  shows  that  normal  state  conductivity  decreases  with  increasing  x.  Resistivity
behaviour  indicates  about  holes  in  Cu/CoOx planes  taking  part  in charge  transport.  The  magnetic  mea-
surement  (M–T and  M–H)  shows  that  paramagnetic  nature  for  all the compositions.  The  presence  of  Cu

anes  
ions  in  Cu/CoOx chains/pl

. Introduction

The structure of YBa2Cu3O7−ı (CuBa2YCu2O7−ı, Cu-1212) or
-1212 (Cu replaced with other metal elements in CuOx chains)

tructure can be viewed as (Ba, Sr)O/CuO2/RE/CuO2/(Ba, Sr)O slabs
re interconnected through a sheet of M and O with variable
omposition of MOx. Charge transport and high temperature super-
onductivity (HTSC) is believed to reside in the CuO2 planes of
ll known HTSC cuprates, except that CuOx chains have been
eported to participate in the b-axis transport of Cu-1212 [1].  In
u-1212 there are two  different Cu sites, namely Cu1 and Cu2.
u1 resides in CuOx chains and Cu2 in superconducting CuO2
lanes. It is believed that BaO/SrO layers work as spacers and
lay a significant role in structure formation and in its stability
2,3]. It is also believed that superconductivity can possibly be
ntroduced in non-superconducting samples or transition temper-

ture (Tc) can be enhanced (changed) in superconducting samples
y creating structural pressure, i.e. replacing some element with
n element having smaller radii. Optimal plane charge order in
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results  in paramagnetic  behaviour.
© 2011 Elsevier B.V. All rights reserved.

superconducting cuprates is studied in [4].  It is concluded that
superconductivity is a charge order related phenomenon and can be
manipulated by lattice pressure. Ionic size variation at rare-earth
(RE) site is reported in Ref. [5].  REBa2Cu3−xZnxO7−ı compositions
with various rare earth elements are studied. With increasing ionic
radii Tc decreases along with increase in normal state resistiv-
ity. It was found that the superconducting transition width �Tc,
increases with increasing Zn concentration for each RE,  and also
with increasing ionic radius of the rare-earth element when the Zn
concentration is kept constant.

We  here replaced larger Ba (1.35 Å) atoms in the unit cell with
smaller Sr (1.18 Å) atoms [6]. The properties of Sr doped Y-124
at Ba site have been studied and decrease in Cu1–Cu2 bond dis-
tances was  observed while Tc remained constant [7]. Generally
the crystal structure of cuprates is subject of, atoms and stoi-
chiometry of oxygen in MOx chains/planes [8–13]. But the Ba/SrO
layers also play a key role in deciding the crystal structure of the
cuprates as well as in structure stability. The YBa2Cu3O7−ı com-
pound crystallizes in orthorhombic Pmmm space group whereas
YSr2Cu3O7−ı structure does not crystallize at normal pressure. This
is due to smaller ionic radii of Sr in comparison to Ba. It is reported,
that Co-1212 (CoSr2YCu2O7+ı) phase has orthorhombic Ima2 space

group structure with CoO4 tetrahedra in MOx chain/planes. It is
due to rotation of CoO4 tetrahedra in two directions in the consec-
utive unit cell [11–13],  forming two different chains left handed
oriented (L-chains) and right handed oriented (R-chains). Order-

dx.doi.org/10.1016/j.jallcom.2011.05.109
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:singhsk@mail.nplindia.ernet.in
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Fig. 1. Rietveld fitted XRD pattern of Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 0 and 1) with
space group P4/mmm.
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ng of the two types of chains presumably occurs so that the
otal lattice energy would be reduced. In crystallization of Ima2
pace group the unit cell gets doubled than that of P4/mmm space
roup. This also causes the increase of b and c parameters by

√
2

imes [13]. However, the Co-1212 phase with Ba ion on Sr ion
ite (Cu1−xCoxBa2YCu2O7+ı, x = 0.84 composition) was  reported to
rystallize in tetragonal P4/mmm space group [14]. In contrast to
ome metal elements such as Fe, replaces Cu in CuO2 planes along
ith CuOx chains [8],  Co generally replaces Cu1 in CuOx chains.

t had been observed that Co-doping at Cu2 sites somehow local-
zes the carriers at Co sites and decreases the density of mobile
arriers in the superconducting CuO2 planes [15]. However, ther-
ogravimetric and neutron diffraction studies of metal substituted

Ba2Cu3−xMxO7−� [16] perovskites show evidence of major substi-
ution of Co atoms at CuOx chain sites.

Electronic structure studies such as X-ray and ultraviolet photo-
lectron spectroscopy (XPS and UPS) and resonant photoemission
ave, thus far, been widely acceptable for Cu-1212 [17,18]. These
tudies have established the nominal presence of the Cu3+ oxidation
tate which is important for some theories. XPS measurements had
een made to calculate the oxidation state of copper and oxygen in
u-1212 [17] below and above Tc. They found that formation of Cu1+

elow Tc due to dimerization of oxygen and concomitant reduc-
ion of Cu2+. The temperature dependent XPS study reveals that
ncrease of CuO spectra FWHM in superconducting state [19]. They
bserved presence of Cu3+ and Cu2+ at low temperature in super-
onducting samples. Here, by XPS study we have found out the ionic
tate of Co and Cu in Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (0.0 ≤ x ≤ 2.0). The
hange in ionic state is studied with ionic size variation in spacer
ayers of cuprates. Its impact on transport properties is also stud-
ed. The particular composition (Cu0.3Co0.7) is taken due to, in case
f x = 2 structure does not form with lower concentration of Co
<40%) at atmospheric pressure whereas in case of x = 0 extra phases
ppear with concentration of Co > 70%. Observed change in ionic
tate is correlated with ionic size and structural changes in unit
ell.

. Experimental

The samples are synthesized in air by solid-state reaction route. The stoichiomet-
ic  mixture of Co3O4, BaCo3, SrCO3, Y2O3, and CuO are ground thoroughly, calcined
t  900 ◦C for 12 h and then pre-sintered at 920 ◦C and 940 ◦C for 20 h with interme-
iate grindings. Finally, the powders are palletized and sintered at 940 ◦C for 20 h

n  air. The phase formation is checked for each sample with powder diffractometer,
igaku (Cu K� radiation) at room temperature. The phase purity analysis and lattice
arameter refining are performed by Rietveld refinement programme (Fullprof ver-
ion). The samples have been characterized by X-ray photoelectron spectroscopy,
orking at a base pressure of 5 × 10−10 Torr. The chamber is equipped with a dual

node Mg K� (1253.6 eV) and Al K� (1486.6 eV) X-ray sources and a high-resolution
emispherical electron energy analyzer. We have used Mg  K� X-ray source for our
nalysis. The calibration of the binding energy scale has been done with the C (1s)
ine at 284.6 eV. The core level spectra of Co and Cu have been deconvoluted in to

he  Gaussian components. The resistivity measurements of all samples are mea-
ured with standard four-probe method using APD cryogenics-HC2 Closed Cycle
efrigerator. The magnetization measurements are carried out applying a field mag-
itude up to 1 T using Physical Properties Measurement system-Quantum Designed
PMS-14T.

able 1
ietveld refined lattice parameters, unit cell volume and calculated tolerance factor of Cu

Cu0.3Co0.7Ba2−xSrxYCu2O7 x = 0 x = 

a (Å) 3.886 (7) 3
b  (Å) 3.886 (7) 3
c  (Å) 11.663 (7) 11
V  (Å3) 176.199 (9) 171
Co-O1 bond length (Å) 1.943 (3) 1
Chi2 2.43 2
rp 3.71 3
rp 4.34 4
Tolerance factor ‘t’ 0.8835 0
Fig. 2. Rietveld fitted XRD pattern of Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 2) sample with
space group P4/mmm and Ima2.

3. Results and discussion

All the samples are crystallized in single phase. This is confirmed
from the Rietveld analysis of powder X-ray diffraction pattern. All
the compositions (x = 0, 1 and 2) are fitted in tetragonal P4/mmm
space group (Figs. 1 and 2). The monotonic decrease in lattice
parameter clearly indicates that Sr2+ ion with smaller ionic radii
(1.18 Å CN VI)  replacing Ba2+ with larger ionic radii (1.35 Å CN VI)

(Table 1). The same can be observed in XRD pattern, as there is shift
in (1 0 3) peak towards higher angle side (Fig. 3). However, the x = 2
sample (Cu0.30Co0.70Sr2YCu2O7+ı) shows good fit in orthorhombic

0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 0, 1 and 2).

1 x = 2 P4/mmm x = 2 Ima2

.858 (2) 3.828 (3) 22.840 (2)

.858 (2) 3.828 (3) 5.416 (1)

.523 (6) 11.420 (2) 5.412 (9)

.514 (9) 167.379 (6) 669.618(4)

.929 (1) 1.914 (1) 1.667 (5)

.96 2.85 2.07

.22 2.37 2.07

.13 3.33 2.84

.8644 0.8453
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concentration and binding energy of Co3+/4+ [24–26].  Curve shows
the domination of Co3+ state over Co4+ state for x = 0 and 1 sample,
but for x = 2 both states are almost equal.
ig. 3. X-ray pattern of main 1 0 3 peak of P4/mmm space group. It shows shift
owards higher angle in 2� as volume decreases in (0 ≤ x ≤ 2) in P4/mmm space group.

ma2 space group also (Fig. 2). The fitting parameters indicate that
t is nearer to orthorhombic structure than tetragonal (Table 1).
he stability of the pervoskite structure can be tested by geometri-
al parameter named tolerance factor ‘t’. For a pervoskite ABO3 the
olerance factor is defined as: t = (rA + rO)/21/2(rB + rO) [20] where rA,
O and rB are ionic radii of A, O and B ions, respectively. The per-
oskite structure can be formed for 0.8 < t < 1.0. Since the Cu1212
Y123) structure is a distorted layer pervoskite structure, the tol-
rance factor should still be valid to describe the stability of this.
n the sense of average structural view the tolerance factor of our
amples can be calculated as:

 = (1/3rY + 2/3rBa,Sr + rO)/21/2(rCuCo + rO)

he tolerance factor calculated for all the compositions is shown
n Table 1. Calculation of the tolerance factor is done considering
he valence state and ionic radii as: Y3+ (1.019 Å), Ba2+ (1.35 Å), Sr2+

1.18 Å), Cu1+ (0.77 Å), Co3+ (0.545 Å) and O2− (1.38 Å) [6].  There
s a decrease in tolerance factor of around 4% which is in accord

ith decrease of lattice parameters. It is considered that decrease
n lattice parameters should cause increase in electronic pressure

hich may  result in increase of holes in CuO2 planes. This should
esult in increase of Cu valence state. But our findings are different
han this.

To find out the oxidation states of Cu and Co the XPS study has
een carried out. The Cu (2p) and Co (2p) core level spectra have
een deconvoluted in to the different Gaussian component to find
ut the contribution of different ionic states. The deconvoluted Cu
2p) core level spectra for all samples are shown in Fig. 4. Cu (2p3/2
nd 2p1/2) core level spectra is deconvoluted in peaks at the binding
nergy of 932.72 eV and 933.96 eV for Cu (2p3/2) and 952.53 eV and
54.44 eV for Cu (2p1/2) in all compositions (Fig. 4). Satellite peaks
re also associated with the main peaks at binding energy 945.40 eV
or Cu (2p3/2) and 964.54 eV for Cu (2p1/2). Comparison of stud-
ed samples binding energy with earlier reported literature shows
hat presence of Cu in Cu1+ {932.72 eV for Cu (2p3/2) and 952.53 eV
or Cu (2p1/2)} and Cu2+ {933.96 eV for Cu (2p3/2) and 954.44 eV
or Cu (2p1/2)} [17,21–23].  The binding energy of Cu2+ component
s slightly greater than earlier reported values [17,19,21–23]. The

urve shows the domination of Cu1+ state over Cu2+ state in all
ompositions. However, temperature dependent (300 K, 80 K) XPS
tudy made for superconducting Y-123 (Cu-1212) sample shows
hat majority of the oxidation state of Cu atoms, is Cu2+ at both
Fig. 4. The Cu (2p) XPS spectra of the Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 0, 1 and 2).
The dashed line represents the experimental curve and the solid line represents the
resultant of fitted curve of various Cu1+/2+ components.

temperatures [19]. Also, in superconducting state it shows some
broadening in FWHM of the spectra. Major presence of Cu atoms
in Cu1+ state could be the reason behind absence of superconduc-
tivity in studied samples. In the comparison of the spectrum of
x = 0, the binding energy of two  main component of Cu (2p3/2 and
2p1/2), the spectrum of the sample x = 1, shifts towards higher bind-
ing energy. But there is decrease in valence state of Cu ion in x = 2
sample. The deconvoluted Co (2p) core level spectra for all samples
are shown in Fig. 5. In the spectrum of Co, the binding energy of
two main component of Co (2p3/2 and 2p1/2) in samples x = 1 and 2,
shifts towards higher binding energy than that in the spectrum of
x = 0. Peak broadening is also observed in x = 2 composition in com-
parison to x = 0. Deconvolution of Co (2p) core level spectra shows
the presence of Co3+ and Co4+ with a satellite peak, at the binding
energy of 779.50 eV and 781.20 eV for Co (2p3/2) and 794.81 eV and
796.61 eV for Co (2p1/2), respectively in all compositions. The sim-
ilar kinds of results have also been reported in literature regarding
Fig. 5. The Co (2p) XPS spectra of the Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 0, 1 and 2).
The dashed line represents the experimental curve and the solid line represents the
resultant of fitted curve of various Co3+/4+ components.
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Fig. 7. ZFC magnetization behaviour with temperature [M–T] of
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The Cu ion valence state variation is non-monotonous, whereas
he valence state of Co is increasing monotonically. The observed
ehaviour can be explained as; in x = 1 the small increase in valance
f Cu is due to the chemical pressure (smaller Sr ions). In x = 2
he decrease in valance state of Cu may  be due to structural
hanges. Since CoSr2YCu2O7+ı is crystallize in orthorhombic Ima2
8,11–13,24]. Our x = 2 sample has 30% Cu at Co site hence it is

ore probable that it would be crystallized in orthorhombic Ima2
pace group. For further confirmation we fitted it in orthorhombic
ma2 space group and it shows a good fit. However, it is closer to
rthorhombic phase than tetragonal phase since fitting parameters
re better for orthorhombic phase (Table 1). The CoO6 octahedra of
4/mmm space group converts in CoO4 tetrahedra of Ima2 space
roup. The tendency of CoO4 tetrahedra rotation in different direc-
ion in consecutive unit cells leads to formation of chains oriented
n Left handed (L-chains) and Right handed (R-chains). An apprecia-
le increase in Co valence state of x = 2 composition may  be due to
resence of these chains. The high resolution electron microscopy
HREM) study made by Nagai et al. [13] suggests that the intralayer
nteraction between the chains is strong because of shortness of
he distance between them. This is the reason for the general phe-
omenon of intralayer ordering of the two types of chains. The
hortness of distances between the chains may  cause increase
f effective oxygen coordination with Co-atoms which ultimately
esults in increased valence state of Co ions. It can be seen that cal-
ulated Co-O1 (O1 is the oxygen atom in Cu/CoOx chains/planes)
ond length is indeed getting shortened with increasing x and least
or x = 2 composition in Ima2 space group. Bond lengths, calculated
hrough Rietveld analysis are given in Table 1. This shortening in
ond length is thus, causing increase in valence state of Co ions.

ncrease in Co valence state may  lead to decrease of effective Cu
alence state in x = 2 composition.

The resistivity measurements [�(T)] show that there is small
ncrease in normal state resistivity of x = 1 than x = 0, whereas
ppreciable increase in x = 2 composition (Fig. 6). Generally, the
ncrease in ionic radii at rare-earth (RE) site causes increase in
ormal state resistivity in isovalent substitutions [5,27].  But here

sovalent substitution in spacer layers shows some anomaly, i.e.
esistivity is increasing with decreasing ionic radii. We  found that,
he structural changes are causing decrease in Cu valence state in

 = 2 composition. In the cuprates, since CuO2 planes contribute in
harge transport, the decrease in Cu valence may  be the reason
or decrease in carriers. This decrease in carriers is thus, causing

ncrease in normal state resistivity. A hump in resistivity measure-

ent is also observed near 140 K in all composition. The sharpness
f hump is increasing with increasing x. Luo et al. [26] studied
o-1212 (CoSr2Y1−xCaxCu2O7) with doping Ca atom at Y-site up

ig. 6. Resistivity behaviour with temperature [�(T)] of Cu0.3Co0.7Ba2−xSrxYCu2O7+ı

x = 0, 1 and 2) from 300 K to 100 K.
Cu0.3Co0.7Ba2−xSrxYCu2O7+ı (x = 0, 1 and 2) samples from 300 K to 5 K in applied
field of 0.1 T. Inset shows M–H  curves of the x = 2 sample at 5 K, 50 K, 150 K and
300  K up to magnetic field 1 T.

to x = 40%. They observed similar kinds of behaviour in x = 20% to
40% composition around 145 K and explained with participation
of holes in Cu/CoOx chains/planes, in charge transport. Since, an
increase in Co valence state is observed in our XPS analysis with
increasing x. The observed hump in �(T) behaviour may  be due
to these induced holes in Cu/CoOx chains/planes which are tak-
ing part in charge transport and causing a dip in resistivity. These
holes entered in Cu/CoOx chains, also destruct the effective antifer-
romagnetic coupling [26]. But here it seems the Cu0.3Co0.7 ratio
in chains is responsible for destruction of the effective antifer-
romagnetic coupling, since all compositions have almost similar
magnetic behaviour. The magnetization with temperature (M–T
measurement) performed in applied magnetic field H = 0.1 T shows
paramagnetic nature of the studied samples (Fig. 7). Inset of Fig. 7
shows M–H curve of the x = 2 sample at 5 K, 50 K, 150 K and 300 K
up to applied magnetic field 1 T. The M–H loops also indicate about
paramagnetic nature of the samples. The paramagnetic nature and
its magnitude is almost same for x = 0 and 1 composition but it has
increased for x = 2 composition. The Co-1212 (CoSr2YCu2O7) phase
shows some antiferromagnetic ordering [8,24,28] near 150 K which
was thought to originate by Co3+ spin [28]. An ordering of antiferro-
magnetic to ferromagnetic is observed in Co1−xFexSr2YCu2O7 with
increasing Fe content [24]. The intermediate compositions of that
series were ordered in paramagnetic nature. The competition of
antiferromagnetic nature of Co ions and ferromagnetic nature of
Fe ions resulted in paramagnetic ordering of intermediate com-
positions. But here the presence of Cu ions prevents Co ions to
order antiferromagnetically and leads to paramagnetic nature of
the studied compounds.

4. Conclusions

With increasing Sr concentration decrease in lattice parame-
ters is observed. The calculated tolerance factor of the systems is in
accord with lattice parameter changes. This shows Sr ions replaces
Ba ions in the studied samples successfully and results in electronic
pressure change. The XPS measurement shows that Cu is in mixed
1+/2+ state and its valence state slightly decreases with increasing x,
whereas Co is in mixed 3+/4+ state and with increasing x its valence
state increases. The changes observed in electronic structure are

due to structural changes in unit cell crystallization. The resistivity
measurements indicate that holes in Cu/CoOx planes taking part
in charge transport. The observed magnetic behaviour of studied
samples is due to the presence Cu ions in Cu/CoOx chains/planes.
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