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a b s t r a c t

Understanding the mechanism of suppression of superconductivity in perovskite cuprates is as important
as to discover the cause of its evolution. Substituting Zn for Cu is known to rapidly suppress the super-
conductivity in these perovskites but the mechanism is still not understood. To throw some light on this,
polycrystalline YBa2(Cu1−xZnx)3O7−ı samples (x = 0.0–0.06) were synthesized and investigated using X-
ray diffraction, titration, resistivity, magnetization, X-ray absorption and photoemission measurements.
Results show that their oxygen stoichiometry (ı) changes on Zn substitution affect their normal state
4.25.Jb
4.72.Bk

eywords:
igh Tc superconductors

resistivity as well as their Tc. However, the observed changes cannot be accounted for solely on the basis
of changes in ı. Zn cation is found to act as strong scattering centre in the lattice that causes local lattice
distortion (LLD). It also induces local magnetic moment as evidenced from our magnetization results.
It is concluded that a combination of �ı, LLD and magnetic pair breaking effect is responsible for the
observed rapid suppression of superconductivity.
agnetic pair breaking
XAFS
hotoemission

. Introduction

The YBa2Cu3O7 system, unlike the other high Tc perovskite
uperconductors, has a unique feature in that it has two
on-equivalent Cu sites viz., the linear-chain Cu(1) in the
(1)–Cu(1)–O(1) units and the planar Cu(2) in the CuO2 sheets con-

aining O(2) and O(3). The CuO2 plane is sometimes referred to as
he superconducting plane: any modification in this plane strongly
nfluences the electronic structure and the density and mobility of
he charge carriers [1]. A large number of studies have therefore
een carried out substituting various cations for Cu as well as Y
nd Ba and these have yielded useful information about the lattice
nd electronic structure of the systems [1–6].

Substitution of Y by various 4f cations including the magnetic Gd
ation, Ce and Tb in the YBCO(123) system has made little difference
o its Tc [7,8]. Pr, however, tends to destroy its superconductivity
nd for this reason it has received a great deal of attention [9,10].
n the other hand, the substitution at the Cu site always tends to
estroy superconductivity, no matter what the substituting cations
re. Cations like Ga, Fe, Co and Al tend to preferentially occupy
he Cu(1) chain site and lead to the localization of carriers and

eakening of the Cu–O chains as carrier reservoir. As a result, the
ole-carriers cannot easily transfer to the CuO2 planes. The pair-

ng and transportation of carriers are thus affected indirectly, and
he superconductivity gets suppressed albeit slowly [1,6,11]. Mg
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ion, when doped, is known to occupy the Cu(1) chain as well as
the Cu(2) sites leading to a higher rate of Tc depression [12]. Other
cations like Ni and Zn are said to primarily occupy the Cu(2) sites
and hence are more detrimental to superconductivity. However,
there is a great deal of difference in the rate of Tc depression in the
two cases. It is much less in case of Ni [1,6]. However, there is some
difference of opinion about the substitutional site of Zn. While some
earlier reports [13,14] claim that Zn goes to both the Cu(1) and the
Cu(2) sites, later ones [1,15] show that it prefers the Cu(2) site.

The introduction of magnetic ions in the lattice, as per the
Abrikosov–Gor’kov (A–G) pair breaking theory [16], leads to a rapid
decrease of Tc with increase in the concentration of the mag-
netic ions due to the interaction of magnetic impurities with the
conduction electrons breaking the time-reversal symmetry of the
Cooper-pairs [16]. Doping of the magnetic ions like Fe, Co and Ni in
the YBCO at the Cu sites induces a magnetic moment and magnetic
pair breaking [1]. Introducing the magnetic ion Mn at the Mg site in
the MgB2 also induces a local magnetic moment and the pair break-
ing effect [17]. Even in the YNi2B2C system wherein magnetism can
coexist with superconductivity, when magnetic Ho ion is substi-
tuted at the Y site, the Tc decreases [18]. In all the above cases the
magnetic impurities appear to act as effective magnetic scattering
centres and hence magnetic pair-breakers.

However, the most dramatic effect in YBCO is observed on

substituting the non-magnetic Zn ions for Cu resulting in a rapid
suppression of Tc—only 6% of Zn is enough to fully spoil the super-
conductivity. Observation of specific EPR and NMR resonances
has shown that the Curie term in the bulk susceptibility of Zn-
doped sample [19] is due to a magnetic moment induced on the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:singhal46@yahoo.co.in
dx.doi.org/10.1016/j.jallcom.2010.01.106


2 s and Compounds 495 (2010) 1–6

C
[
o
s
Z
a
i
N
t
e

(
s
(
n
s

2

w
t
o
U
h
g
r
i
T
r
l
o

F
p
S
a
f
m
o

r
s
c
f
w
r
a
t
c
w

s
f
fl
d
p
r
l
i
b
o
a
�

s
M

3

3
r

x

Furthermore, the normal state resistivity also increases apprecia-
bly with increasing Zn content (Fig. 2). This could be at least in part
ascribed to the depletion in the oxygen content observed on Zn
doping (Table 1). But, there has to be another factor contributing
R.K. Singhal / Journal of Alloy

u sites around Zn [20–22]. Furthermore, the broadening of 63Cu
23,24] and 17O NMR lines [25] in YBCO reveals a distribution
f moment magnitudes, attributed to a spatially inhomogeneous
pin polarization extending over several lattice sites around Zn.
n doping also has drastic effects on spin dynamics: low energy
nti-ferromagnetic (AF) fluctuations probed by neutron scatter-
ng are enhanced [26] and spin freezing eventually occurs [27,28].
evertheless, a clear understanding of these effects, particularly

he origin of the magnetic moment by non-magnetic Zn, remains
lusive.

In this article, we report the results of Zn doping in the YBCO
123) system obtained from: Zn K-edge X-ray absorption near edge
tructure (XANES) and extended X-ray absorption fine structure
EXAFS), X-ray photoemission spectroscopy (XPS), induced mag-
etization by VSM, oxygen stoichiometry by titration in addition to
tandard characterization by XRD, resistivity and ac susceptibility.

. Materials and measurements

Polycrystalline samples of YBa2(Cu1−xZnx)3O7−ı for x = 0.0, 0.02, 0.04 and 0.06
ere prepared by usual solid-state reaction technique using a microprocessor con-

rolled furnace (Linn, Germany). Appropriate molar quantities of high purity starting
xides Y2O3 (Wako Pure Chemical Industries Ltd., 99.99%), BaCO3 (John Baker Inc.
SA, 99.99%), CuO (Aldrich 99.9999%) and ZnO (Aldrich, 99.99%) were mixed and
eated thrice at 975 ◦C for 24, 16 and 16 h respectively, with several intermediate
rindings to ensure perfect homogeneity and complete the solid-state reaction. The
esulting powders were reground and pressed into pellets. The pellets were sintered
n flowing oxygen at 990 ◦C for 12 h followed by slow cooling (∼1 ◦C/min) to 450 ◦C.
hey were kept at ∼450 ◦C for ∼72 h in flowing O2 and then gradually cooled to
oom temperature. The reason for annealing in O2 is to regain the oxygen that was
ost during annealing at 950 ◦C in view of the evidences that the oxygen intake is
ptimum in temperature range 400–450 ◦C.

The XRD patterns were recorded using Philips 1840 powder diffractometer with
e K� radiation to check the phase purity and estimate the cell parameters. Four-
robe dc-resistivity measurements were carried out using an APD Cryogenics, Inc.
uperconductor Characterization Cryostat and a closed cycle Displex CS202 refriger-
tor for the temperature range 300–20 K. The magnetic susceptibility was measured
rom 100 K down to 4 K using superconducting quantum interference device (SQUID)

agnetometer at CBPF, Brazil. Iodometric titrations were carried out to estimate the
xygen content of the samples [29].

The Zn 2p and O 1s core level photoemission spectra were measured using X-
ay photoelectron spectrometer at UGC-DAE-CSR, Indore, India. The XPS is a surface
ensitive technique; therefore, all the spectra were recorded only after ensuring a
lean sample surface. The pellets were scraped uniformly until the feature coming
rom carbon contamination of the surface (C 1s peak) got minimized. Sputtering
as avoided due to fear of change of surface composition as it may cause differential

emoval of the light elements from the surface. The vacuum in the chamber was kept
t ∼4.4 × 10−10 Torr, hence, the cleanliness of the samples was conserved during
he experiment. No shift was observed due to charging of the samples. The carbon
orrection was applied to all the spectra, i.e. all the binding energies were corrected
ith reference to the carbon 1s line at 284.6 eV.

The X-ray absorption measurements were performed at beamline I811, MAX-lab
ynchrotron source, Lund Sweden [30]. The flux on the sample was ∼1012 photons/s
or a 1 mm diameter beam spot on the sample. The detection was carried out in
uorescence mode using an energy dispersive solid-state detector [31]. The EXAFS
ata analysis was performed using ATOM 3.0, FEFF 8.0 and UWXAFS 3.0 software
ackages [32–34]. The absorption edge was determined by the first derivative of first
ise at the X-ray absorption spectrum after self-absorption correction (SAC) and base
ine subtraction. SAC is essential for spectra measured in the FY mode [35–38]. The
solated EXAFS was normalized to the edge step and converted to wave number scale
y AUTOBK program. The Fourier transform was performed on k3-weighted EXAFS
scillations using Hanning windowsills by FEFFIT25 program. FEFFIT25 combines
nd modifies the EXAFS from a set of feffnnnn.dat files to the best-fit experimental
(k) data. The fit was performed on data in K- and R-spaces.

The field dependent magnetization measurements (M–H curves) for all these
amples were performed at 300 K using a PARC vibrating sample magnetometer
odel 155 [39].

. Experimental results
.1. XRD, resistivity, susceptibility and oxygen stoichiometry
esults

The XRD patterns for YBa2(Cu1−xZnx)3O7−ı samples with
= 0.00, 0.02, 0.04 and 0.06 (Fig. 1) show a single-phase orthorhom-
Fig. 1. XRD pattern for the YBa2(Cu1−xZnx)3O7−ı system.

bic structure for all the compositions with no detectable impurity
phase [40]. Susceptibility and resistivity measurements (Fig. 2)
show a good superconducting diamagnetic Meissner volume frac-
tion. Table 1 lists the lattice parameters, the orthorhombicity
{100 × (b − a)/(b + a)}, the Tc values and the oxygen content in
the samples. The orthorhombicity value appears to remain more
or less unaffected by Zn substitution. A transition to the non-
superconducting tetragonal phase is characterized by a loss in
orthorhombicity and hence the rearrangement of O(1) and the
O(5) sites [41,42]. In other words, the Zn doping does not seem to
affect the linear Cu(1)–O(1) chain and may be justifiably assumed
to exclusively go to CuO2 planes. We would revert to this point
later.

The oxygen stoichiometry data (Table 1) shows that the oxygen
content progressively decreases with increase in Zn concentra-
tion, though slightly. Such a decrease is in conformity with earlier
reports [43]. Turning attention to resistivity data one can see the
well-established rapid decrease of the Tc with Zn concentration, the
superconductivity getting suppressed for ∼6% Zn concentration.
Fig. 2. Resistivity vs. temperature for YBa2(Cu1−xZnx)3O7−ı samples and suscepti-
bility for x = 0.02 in inset.
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Table 1
Cell parameters, Tc values and orthorhombicity for YBa2(Cu1−xZnx)3O7−ı samples. Oxygen content estimated from wet titration and the oxygen contents, relative to undoped
sample, estimated from O 1s XPS data are also given.

x Tc (K) Oxy. cont. (by titration) Rel. oxy. cont. (XPS O 1s data) a (Å) b (Å) c (Å) Orthorhombicity
±0.02 ±0.02 ±0.02 ±0.001 ±0.001 ±0.001 100 × (b − a)/(b + a)

0.00 91.04 6.96 1.00
0.02 62.15 6.81 0.97
0.04 26.61 6.79 0.95
0.06 – 6.74 0.94
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ig. 3. The Zn 2p3/2 XPS spectra for ZnO and YBa2(Cu1−xZnx)3O7−ı samples (x = 0.02
nd 0.06).

o increase of resistivity. We say so because even our 6% Zn-doped
ample has an oxygen count of 6.74 and hence, were there no other
actors involved, ought to yield a value of Tc ∼70 K [41,44–47]. The
n cation may thus be causing local lattice distortion (LLD) and act-
ng as a strong scattering centre in the ab-plane in the lattice, an
ffect that is enhanced since Zn primarily replaces Cu from the in-
lane sites [1,15]. This is further borne out from our core level XPS,
-ray absorption and VSM measurements discussed below.

.2. Zn 2p XPS data
The Zn 2p XPS spectra for YBa2(Cu1−xZnx)3O7−ı for x = 0.02 and
.06 are shown in Fig. 3 along with the spectrum for ZnO (refer-
nce system for Zn2+ state). All three spectra show symmetric single
eaks located at 1022.7 and 1045.8 eV corresponding to 2p3/2 and
p1/2, respectively. Single Gaussians were nicely fit to all the spectra

ig. 4. (a) The O 1s XPS spectrum, with Gaussian fits for YBa2(Cu1−xZnx)3O7−ı (x = 0.02)
x = 0.0, 0.02, 0.04 and 0.06).
3.822 3.901 11.675 1.02
3.819 3.897 11.664 1.01
3.820 3.899 11.686 1.02
3.819 3.894 11.670 0.97

(not shown) and no change in peak positions noticed with respect
to pure ZnO. The symmetric single peaks rule out the possibility of
existence of multiple components of Zn in these samples. The peak
positions of Zn 2p3/2 and Zn 2p1/2 in all the samples match closely
with the standard values of ZnO [48] indicating that Zn atoms are
in +2 oxidation state. The intensity under the 2p3/2, 2p1/2 peaks is
more in 6% Zn-doped sample than the 2% Zn-doped sample, which
was usual.

3.3. Oxygen 1s XPS data

Oxygen 1s spectrum shown in Fig. 4a for YBa2(Cu1−xZnx)3O7−ı

for x = 0.02, is asymmetric, indicating that multi-component oxy-
gen species can not be ruled out in the near-surface region of the
samples. Three Gaussians were fitted to these spectra to separate
out this contribution. The most intense first peak at ∼530 eV is
due to oxygen 1s bulk contribution from the oxide samples. Our
main interest lies in relative intensity of this feature. However, the
high-energy peaks are due to chemisorbed oxygen of the surface
hydroxyl, –CO3, absorbed H2O, absorbed O2 or mainly due to the
surface contamination [49]. The intensities of the first Gaussian
(oxygen 1s peak) are displayed in Fig. 4b for all the samples (x = 0.0,
0.02, 0.04 and 0.06). The relative oxygen contents, estimated by
the ratio of area under these O 1s Gaussian peaks in different sam-
ples divided by the area under this peak of undoped YBCO sample,
are shown in Table 1. It is evident that oxygen content decreases
progressively with increasing Zn content, in agreement with the
titration results.

3.4. XANES results
Fig. 5 shows the background-subtracted and normalized Zn K-
absorption edge spectra which resemble the Zn K-edge XANES
spectra of ZnO (not shown) measured by Mizoguchi et al. [50]
on a ZnO (wurtzite) single crystal, and show all the fine struc-
tures observed by them. We have labelled the fine structures in

and (b). Comparison of the O1s Gaussian peaks for YBa2(Cu1−xZnx)3O7−ı samples
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Table 2
Values of Zn-O, Zn-Y distances and other structural parameters obtained from EXAFS analysis done for the first four n-n for YBa2(Cu1−xZnx)3O7−ı samples.

x (Å) Zn-O(2) Zn-O(3) Zn-O(4) Zn-Y Amp. red. factor, S2
0 D–W factor, �2 (Å2)

r-eff. (Å) Deg. (n1) r-eff. (Å) Deg. (n2) r-eff. (Å) Deg. (n

0.02 1.9806 2 2.0159 2 2.3769 1
0.06 1.9780 2 2.0132 2 2.3738 1
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Fig. 5. XANES spectra for YBa2(Cu1−xZnx)3O7−ı samples (x = 0.02 and 0.06).

ur spectra in the same way as Mizoguchi et al. [50] to facilitate
omparison with their spectra. However, the initial absorption rise
art in our spectra, measured with an interval of 0.25 eV, is rather
apid. Further, comparing the 2% and 6% spectra (Fig. 5) the ini-
ial absorption rise parts completely overlap each other implying
hereby that there is no shift in the absorption edge when the Zn
ontent is varied. However, the peaks/shoulders B1, B2, C and D shift
o lower energy side by about 3 eV as the Zn content increases from
% to 6%. Mizoguchi et al. [50] have, from their polarized XANES
easurements and orthogonalised linear combinations of atomic

rbitals calculations, ascribed the origin of the structures B1 and
to the E//c symmetry and the B2 to the E//ab symmetry (E is the

lectric field vector). Since there is no shift in the absorption edge as

uch, the observed shift of the other structures cannot be ascribed
o changes in the electronic structure that may be caused by Zn
oping. Instead, these strongly point to the Zn dopant ion causing
LD that may, in turn, result in the lowering of the energy of the
p-symmetric states.

Fig. 6. (a and b) The k3-weighted Fourier transformed spectra {experimental (—) and
3) r-eff. (Å) Deg. (n4)

3.2917 4 0.79 0.0012
3.2874 4 0.81 0.0011

3.5. EXAFS results

Zn K-absorption edge EXAFS spectra were recorded for two of
these samples, i.e. x = 0.02 and 0.06. Fig. 6(a) and (b) represents the
k3-weighted experimental and the fitted Fourier transformed �(k)
spectra, for one of these samples (x = 0.06), both in the K-space and
R-space. The EXAFS fitting has been done for the first four near-
neighbours from 0.9 to 3.25 Å as these are the ones that are of
utmost interest. The fits in all the cases were quite good. The Zn–O
distances and the co-ordination number for each shell and other fit
parameters such as the Debye–Waller factor �2 and the amplitude
reduction factor S2

0 obtained from the fits are given in the Table 2.
It shows that all Zn–O distances, in-plane and along the c-axis, as
well as the Zn–Y distances tend to decrease with increase in Zn
concentration. This is rather surprising as the ionic radius of Zn2+

(ionic radii 0.74 Å) is slightly larger than that of Cu2+ (ionic radii
0.77 Å) [51]. From the EXAFS fitting results of the n-n distances we
see that the fourth near-neighbour to Zn turns out to be the Yttrium
ion with a degeneracy of 4 which implies that the Zn is occupying
the Cu(2) site in the Cu-O2 plane. If it were going to the Cu–O chain
then the fourth n-n would be Ba and not Y [1,52–55]. Considering
our EXAFS data and its aforementioned implications it is quite rea-
sonable to conclude that the LLD resulting from Zn doping, in part
is due to the Zn ion acting as a strong in-plane scattering centre
and, in part is due to the loss in oxygen content as Zn is substituted
for Cu.

4. Discussion

In order to further appreciate the implication of such LLD we
also measured the M–H curves for these samples (Fig. 7). The results
clearly showed a systematic increase in the susceptibility with the
increase in Zn concentration. The observed LLD and the increase
in susceptibility of the samples may thus be inter-related, the lat-

ter being a consequence of the former. Mahajan et al. [21] have also
demonstrated that the local moments, responsible for the enhanced
susceptibility, do not result from holes trapped on the n-n oxygen
orbitals, but rather from the modifications of the magnetic prop-
erties of the neighbouring Cu holes. They have clearly shown that

fitted (©)} in K- and R-spaces, respectively, for YBa2(Cu0.94Zn0.06)3O7−ı sample.
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Fig. 7. Magnetization curves for YBa2(Cu1−xZnx)3O7−ı samples at 300 K.

he exchange coupling Jeff between the local moments and the Cu
oles has the same order of magnitude as that between the Cu spins
f the pure material [19]. Low temperature M–H curves measured
y them using SQUID also show a strong and anomalous increase

n magnetization and an increase in anisotropy in the single crys-
als of the Zn-doped YBCO system [56]. Various other experimental
echniques like Cu NMR, Y NMR, SQUID and Muon Spin resonance
21,57–60] also show that the Zn doping causes magnetic modifica-
ions by inducing a local magnetic moment on its neighbours in the
BCO system. Apart from these, there are recent reports that the Al

n LSCO [61], Mn in MgB2 [17], Ho in Y1−xHoxNi2B2C [18] also induce
uch local magnetic moments and enhance the Abrikosov–Gor’kov
air breaking [16]. Thus, our results also support magnetic pair
reaking as the dominant cause for the suppression of supercon-
uctivity on Zn doping.

However, it is pertinent to ask if the decrease in Tc is solely due
o the magnetic pair breaking. Our samples do show a progres-
ive decrease in oxygen content with increase in Zn content, which,
n turn, would lead to a depletion of the itinerant hole and hence
ontribute to lowering of the Tc. But, this alone cannot account for
he rapid fall in the Tc for, as discussed earlier, it should show a
c ∼ 70 K. Yang et al. [1] also state that oxygen hole-density alone is
ot responsible for the depression of Tc in the Zn-doped YBCO-123
ystem.

Turning attention to the observed normal state resistivity in our
amples (Fig. 2) and comparing these with the data of Cava et al.
45] on the pristine YBCO with different oxygen content (oxygen
ased phase diagram), we find that the normal state resistivity in
ur case is higher than the corresponding case (equal oxygen con-
ent) in Cava et al.’s data [45]. It is well known that the presence
f defects and impurities lead to enhanced scattering of charge
arriers and hence the Zn defect centres (LLD) must be responsi-
le for it in our case. Furthermore, Panagopoulos et al. [62] have
eported that the penetration depth decreases and Tomimoto et al.
63] claim an increase in the coherence length by the increase of
he Zn concentration in the YBCO (123) system. Both these results
oint to creation of some type of distorted scattering centres in the
ystem upon Zn doping that might scatter the holes pairs which
ould cause the pair breaking and hence the suppression of the

uperconductivity. Segawa et al. [64] have referred to the Zn impu-

ity as the point-like defects. Such distorted centres would also
catter unpaired holes leading to increase in normal state resis-
ivity.

[

[
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5. Conclusion

In conclusion, we have studied experimentally the trans-
port and magnetic properties, crystal and electronic structure of
YBa2(Cu1−xZnx)3O7−ı system. We found that Zn cations substituted
for Cu all go to occupy the Cu planar site. The substitution leads to a
change in oxygen stoichiometry and local lattice distortion with the
Zn cation acting as a strong scattering centre and inducing of local
magnetic moment that increases with Zn concentration. While the
changed oxygen stoichiometry, as shown by our titration and O
1s core level XPS spectra, does lead to a decrease in the itinerant
hole-density and hence the Tc, it is the magnetic pair breaking that
plays a main role in suppression of superconductivity, as per the
Abrikosov–Gor’kov (A–G) pair breaking theory.
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