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Absence of a pair-breaking mechanism in CuysTl,sBa,Ca3;Cuy_,Zn,0,_s
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A high temperature CuysTlysBa,CazCuy_,Zn,0y,_5 (y=0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5) superconductor
with four ZnO, planes is synthesized, in which the zero resistivity critical temperature [7.(R=0)], the quantity
of diamagnetism, and critical current density (J,.) are found to increase with enhanced Zn doping. From the
x-ray diffraction studies, the c-axis lengths are found to decrease with increased Zn doping in
Cu0A5T10A5BazCa3(Cu4_yZny)O12_ s The softening of apical oxygen modes observed in Fourier transform infra-
red absorption measurements has shown that the decreased c-axis length is among CuO,/ZnO, planes. The
decreased c-axis length increases the Fermi vector k., the coherence length &, and the superconductivity order
parameter, which result into enhanced superconducting properties. The superconducting properties in these
compounds were further enhanced by optimizing the carriers in CuO,/Zn0O, planes. The optimum numbers of

carriers in these compounds were achieved by postannealing the samples in oxygen atmosphere.

DOI: 10.1103/PhysRevB.77.054507

I. INTRODUCTION

The substitution of impurity atoms in high 7, cuprates
(HTSCs) has been used as a probe for the study of underly-
ing mechanism of superconductivity.'”?! In previous studies,
the magnetic impurities substituents such as Ni*? at CuO,
planar sites and Co and Fe at the chain sites of the unit cell
have been found to suppress the superconducting
properties.”?~?” The doping of nonmagnetic impurity atoms
such as Zn*? at the CuO, planar sites has also been found to
decrease the critical temperature [7,.(R=0)] in all the fami-
lies of HTSCs.!"2” The suppression of 7, in anisotropic
d-wave HTSCs with the doping of Zn*? atoms at CuO, pla-
nar sites was quite astonishing and suggested to be originat-
ing from the pair-breaking mechanism or electronic localiza-
tion induced by dopant atoms.”®! In YBa,Cu;0,_s
superconductor,>* the localization of the carriers at Cu*? at-
oms is in the immediate vicinity of Zn*?> atoms which was
suggested to be one of the main root causes of depression of
critical temperature. The suppression of superfluid density
has also been observed in infrared conductivity experiments
in Zn doped YBa,Cu,_,Zn Oy single crystals and a decrease
of T.(R=0) in part was suggested to be associated with
the localization of carriers.®® We have recently observed
enhanced  superconductivity by Zn  doping in
Cu0'5Tlo_5Ba2Ca3Cu4_yZnyO12_5 (YZO, 05, 10, 15, 20, 25,
3.0, 3.5) superconductors, which is quite contrary to all the
previous studies on Zn doped cuprate HTSCs. In these Zn
doped superconductors, we have also tried to explore the
possibility of existence of localization of carriers at Cu*? and
Jor Zn*? sites by carrying out postannealing experiments in
nitrogen and oxygen atmospheres. Through these studies, we
have observed that there is no localization of the carriers to
the Cu*? or Zn*? sites in CugsTlysBa,Ca;Cuy_Zn 0,5 su-
perconductors. In the light of the present results, we have
looked into the possible reasons for the suppression of super-
conductivity by Zn doping in all previous studies.

II. EXPERIMENT

The Cuo.sTlo_sBa2Ca3Cu4_)ZnyO12_5 (y=0, 05, 10, 15,
2.0, 2.5, 3.0, 3.5) samples were prepared by the solid state
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reaction method accomplished in two stages. At the first
stage, CugsBa,Ca;Cuy_Zn,0},_s precursor material was
prepared by thoroughly mixing ZnO, Ba(NO3),, Ca(NOs),,
and Cu(CN) in a quartz mortar and pestle in appropriate
ratios. The mixed material was fired twice at 880 °C in a
quartz boat for 24 h and furnace cooled to room temperature.
At the second stage, the precursor material was ground
for about an hour and mixed with TL,O; to give
Cuy 5Tl sBa,CazCuy_,Zn,0y,_s as the final reactant compo-
sition. Thallium mixed material was pelletized under
3.8 tons/cm? and the pellets were enclosed in a gold capsule.
Gold capsule containing pellets were annealed for about
10 min at 880 °C followed by quenching to room tempera-
ture. The samples were characterized by resistivity, ac sus-
ceptibility, and critical current density measurements. The
structure of the material was determined by x-ray diffraction
scan from Rigaku D/Max IIIC using a Cu Ka source with
wavelength of 1.540 56 A and the cell parameters were de-
termined by a cell refinement computer program. The pho-
non modes related to the vibrations of various oxygen atoms
in Cuy 5Tly sBa,CazCuy_,Zn,01,_5 unit cell were observed by
Nicolet 5700 Fourier transform infrared (FTIR) spectrometer
in the 400—650 cm™! wave number range. The postannealing
of the samples was carried out at 550 °C for 6 h. This tem-
perature is chosen because oxygen intercalation into the unit
cell is observed around this temperature regime. The oxygen
content of the samples were determined by standard iodo-
metric titration method.’?>*

III. RESULTS AND DISCUSSION

The X-ray diffraction scan of
Cug 5Tl sBa,Ca;Cu;Zn304,_s superconductor is shown in
Fig. 1 in the inset of this figure, a decrease in the c-axis
lengths with the increased Zn doping is shown. Most of the
diffraction lines are fitted following the P4/mmm space
group and tetragonal structure. The decreased c-axis length
with the increased Zn concentration shows an improved in-
terplane coupling, which is consistent with previous studies
carried out on Zn doped samples.’! The effect of decreased

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.054507

NAWAZISH ALI KHAN AND MUHAMMAD MUMTAZ

y=30 e
a=3.7495A

°
c=17.493A

o

(111)
(113)
c axes (A)

(015)4007)

*
I N
L2

(110)

00510 1520 25 303
Zn concentration
S

(006)

Intensity

2" 70 20 30 40
20 (Degrees)

FIG. 1. The XRD pattern of Cug5Tl,sBa,CazCu;Zn;0,_s su-
perconductor (inset c-axes vs Zn concentration).

c-axis length can also be seen in the form of softening of
phonon modes®% of apical oxygen atoms in Zn doped
Cu 5Tl sBa,CasCuyZn;04,_s samples. In Zn-free samples
(y=0), the phonon modes related to apical oxygen atoms®!~%*
of type TI-O4-Cu(2) and Cu(1)-O4-Cu(2) are observed
around 501 and 537 cm™', which are softened in all Zn
doped samples to 453-455 and 514524 cm™, respectively
(Fig. 2). These two modes are of TI-O4-Cu(2)/Zn and
Cu(1)-O4-Cu(2)/Zn types. If the softening of these apical
oxygen modes is linked with the decreased c-axis lengths
observed by x-ray diffraction (XRD) measurements, then it
becomes evident that the bond distances along the ¢ axis are
decreased between the CuO,/Zn0O, planes. The planar mode
of oxygen atoms in Zn free samples (y=0) is observed
around 575 cm™!, which is softened in Zn doped
Cuy 5sTl, sBa,Ca;Cu,Zn;0,,_5 samples to 572-565 cm™'.
The softening of planar oxygen mode is most likely arising
from the increased mass of Zn (65.38 amu) with respect to
Cu (63.546 amu).

The  resistivity = measurements of Zn  doped
CuysTlysBa,CazCuy_,Zn,0y,_5 (y=0, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5) samples are shown in Fig. 3. It can be seen that the
magnitude of normal state resistivity decreases and T,(R
=0) increases with the increased Zn concentration in
Cuy 5Tl sBa,CazCuy_Zn,Oy,_s unit cell. The bulk supercon-
ductivity in the samples checked by ac susceptibility mea-
surements are shown in Fig. 4; for a relative comparison of
magnitude of diamagnetism in all Zn doped samples, we
have normalized the ac signal to the mass of the sample. The
onset of the superconductivity, magnitude of diamagnetism,
and peak temperatures (7p) observed in the out of phase
component of magnetic ac susceptibility are found to in-
crease systematically with the increased Zn doping in
Cuy 5Ty sBa,CazCuy_,Zn,0,,_s samples (Fig. 5). Tp is re-
lated to H, (critical magnetic field) and hence to the critical
current density (J,) of the samples.®>® The increase in T,
with increased Zn doping suggested that J,. is enhanced with
Zn doping, which is also observed in transport J. measure-
ments, as discussed in the next section. In the previous stud-
ies on Zn doped HTSC systems, T.(R=0) and magnitude of
diamagnetism are significantly suppressed by enhanced Zn*?
doping in the final compound. The localization of free carri-
ers at Cu*? sites in the neighborhood of Zn*? atoms was
suggested to be the main route cause of T,(R=0) suppression
in those studies. Those Cu*? atoms having a localization of
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FIG. 2 The FTIR absorption

. spectra of
Cuy 5Tl sBa,CazCuy_Zn, 0 ;_s superconductors.

carriers in their neighborhoods behave as efficient scattering
centers,”®>! which are absent altogether in our
Cuy 5Tl sBa,CazCuy_,Zn,O,_s superconductors.

The possibility of existence of localization of carriers to
the Cu*? sites in the neighborhood of Zn*? atoms, if present,
could be enhanced by increasing and/or decreasing the car-
rier concentration in CuO,/Zn0O, planes. In order to change
the carrier concentration in CuO,/Zn0O, planes, we have car-
ried out postannealing experiments at 550 °C in oxygen, air,
and nitrogen atmospheres. For such studies, we have chosen
the samples without Zn (y=0) and with maximum Zn doping
(y=3.5). T(R=0), T,, I, and oxygen content for these ex-
periments are summarized in Fig. 6. Since oxygen has the
second highest electronegativity in the Periodic Table of el-
ements, the intercalation of it in the Cu, sTl; sBa,0,4_5 charge
reservoir layer can efficiently dope the charge carriers to
conducting CuO,/Zn0O, planes. The higher oxygen content
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FIG. 3. The resistivity Vs temperature of
Cuy 5Ty sBa;CazCuy_Zn, O ,_s superconductors.

in the charge reservoir layer decreases, whereas their lower
concentration increases the electron density in conducting
planes; the former enhances, while the later decreases the
number of holes in ZnO,/CuO, planes. T.(R=0), T, I, and
oxygen content of CugsTlysBa,CasCuy_Zn Oy, s (y=0,
3.5) samples are increased after postannealing in oxygen,
whereas these parameters are suppressed by postannealing in
air and nitrogen atmospheres. The increased oxygen content
in the samples after postannealing in oxygen led to a sugges-
tion that the more intake of oxygen in CugsTl,sBa,O4 s
charge reservoir layer brings the concentration of electrons in
the conducting ZnO,/CuQO, planes to an optimum level,
which consequently reduce the electron hole recombination
processes at lower temperatures and an enhancement in the
population of holes in conducting planes is promoted. The
enhanced carrier’s density in ZnO,/CuO, planes promotes
an increase in the Fermi vector kz=(372N/V)"3, the coher-
ence length along the ¢ axis & =(fikp/2mA), and the Fermi
velocity vy=(méE.A/R) of the carriers,®”%® which ultimately
enhance the superconductivity parameters.
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FIG. 4. The ac susceptibility vs
Cuy 5Ty sBa;CazCuy_,Zn, O ,_s superconductors.
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FIG. 5. T.(R=0) and T, in out of phase component of
magnetic susceptibility Vs Zn concentration of
Cuy 5Tl sBa,CazCuy_Zn, 05 superconductors.

These self-doping experiments were performed to deter-
mine unevoqivocal evidence of the role played by doped
carriers in ZnO,/CuO, planes in the mechanism of super-
conductivity in these Zn doped compounds. As proposed in
the previous studies that Zn doping promotes localization of
carriers to the Cu*? sites in the immediate vicinity of Zn*?
atoms. It was expected that increased hole concentration in
Zn0,/Cu0O, planes by the postannealing in oxygen would
have enhanced such proposed localization processes. To our
surprise, no such localization has been observed; otherwise,
it would have killed the superconductivity; instead, it is en-
hanced. These experiments lead us to a conclusion that the
role of the doped carriers in the conducting planes is primary
and their localization at Cu*?/Zn*? sites is absent altogether
in our CugsTlysBa,Ca;Cu sZns; sO;,_s superconductor. The
decreased hole concentration as a result of postannealing in
air and nitrogen makes the superconductor inferior but no
localization of carrier is witnessed; otherwise, superconduc-
tivity would have been destroyed. These studies also sug-
gested that the role of the ratio of divalent/trivalent
(Cu*?/TI™) atoms in CugysTl,sBa,0,_5 charge reservoir
layer is primary in supplying the charge carriers to the
Cu0,/Zn0, planes.

The question arises that why in the previous studies the
superconductivity is suppressed by Zn doping in all cuprate
HTSC systems??8! To answer this question, we have
replaced CugysTlysBa,O,_s charge reservoir layer in
our CuysTl)sBa,Ca;Cuys5Zn;3 50,5 superconductor by
TIBa,0,_s and synthesized T1Ba,Ca;CusZn;50,,_s mate-
rial. Our TIBa,Ca;CugsZn;350,,_s system is identical in the
composition of the charge reservoir layer with TI*3 in it; the
other cuprate HTSC systems have trivalent atoms such as
La*3, Y*3, Bi*3, etc., in their charge reservoir layers. To our
surprise, TIBa,Ca;CugsZns3s0,,_s material has not shown
signs of superconductivity down to 77 K. These results are
identical and consistent with the previous studies on Zn
doped LaBaCuO, YBa,Cu;0,, and BiSrCaCuO supercon-
ductors. If we carefully look into these compounds, we
would see that these materials had trivalent ions (i.e., La*3,
Y*3, and Bi*?) either in the charge reservoir layer or in be-
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FIG. 6. T,(R=0), Ty, I, and oxygen contents vs annealing at-
mospheres of Cu, 5Tl sBa;CazCuy_,Zn, 0 ,_s superconductors.

tween the CuO, planes. The presence of trivalent ions, most
likely localize the carriers in their neighborhood and their
localization at the Cu*? sites in the vicinity of Zn*? atoms, as
suggested in previous studies, is unlikely. These experiments
have also shown that when 100% trivalent ions are present in
the charge reservoir layers, it is most likely incapable of
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supplying carriers to the conducting ZnO, planes and super-
conductivity is destroyed.

IV. CONCLUSIONS

In conclusion, we have successfully synthesized Zn doped
Cuy 5Ty sBayCazCuy_,Zn,0y,_5 (y=0, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5) superconductors, in which T.(R=0) and the quantity
of diamagnetism are enhanced with the increased Zn doping.
These superconductors have tetragonal crystal structure and
their c-axis length decreases with increased Zn concentration
in the unit cell. The decreased c-axis length is also supported
by the softening of apical oxygen phonon modes. The de-
creased c-axis length decreases volume of the unit cell which
in turn increases the Fermi vector kz=(37°N/V)"3, the co-
herence length along the ¢ axis &.=(hkp/2mA), and the
Fermi velocity vy=(m&A/#) of the carriers,®”-% which ulti-
mately lowers the anisotropy of the final compound. The
enhanced &. and vy most likely enhance the T.(R=0), mag-
nitude of diamagnetism, and J. in Zn doped samples. The
postannealing in oxygen has shown increased superconduct-
ing properties, which may possibly be arising from the
optimization of carriers in ZnO, planes. It is worth
emphasizing that the charged «carriers in case of
Cuy 5Tly sBa,CazCuy_,Zn,0y,_s5 superconductors are most
likely supplied by the ratio of Cu*?>/TI** in the
Cug 5Tl sBa,0,_s charge reservoir layers. The presence of
Cu*? in the CuysTlysBa,0, 5 charge reservoir layers of
Cuy 5Tl sBa,CazCuy_Zn,Oy,_5 most efficiently dopes the
CuO,/Zn0, planes with carriers and we get enhanced super-
conductivity. This is contrary to the Zn doped
La,_,Sr,Cu;_,Zn,04, YBa,Cus_,Zn,07_s5 YBa,Cuy_,Zn,Os,
Bi,Sr,Ca;_,Y(Cu;_,Zn,),04,5 and TIBa,Ca,Cu;zOg_s su-
perconductors, where the presence of M (M
=La,Y,Bi,Tl) possibly had suppressed the critical tempera-
ture. These studies strongly suggested that the proposed lo-
calization of the carriers by Zn doping in all previous
studies?®! was most likely at the trivalent M*? sites and not
at the divalent Cu*? sites. It is worth emphasizing that zinc
oxides belong to wide band gap semiconductors with energy
gap of 3.2 eV,% the existence of superconductivity in mixed
CuO, and ZnO, planes could be a key to the understanding
of mechanism of superconductivity since we very well know
the properties of semiconductors. Moreover, the ZnO-based
semiconductors could be transformed into p type by doping
Ge and n type by doping Si; therefore, we can make
electron and hole doped superconductors from
Cuy 5Tl sBa,CazCuy_,Zn,0y,_s superconductors. The prepa-
ration of Cu 5Tl sBa,Ca;Cuy_,Zn,O,,_s superconductors by
this method is extremely reproducible and the detailed char-
acterization of it is underway.
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