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The effect of suppression of antiferromagnetic order and charge stripes formation mechanism, by Zn3d"

(S = 0) substitution at Cu3d’ (S = 1/2) sites in CuO, planes of Cuy 5Tl sBa,Ca;Cus01, 5, on superconductivity pa-

rameters is demonstrated. If antiferromagnetism and charge stripes have some role in bringing about supercon-

ductivity at a particular temperature, the doping of nonmagnetic Zn impurity would destroy it and hence the su-

perconductivity. However we have observed enhanced superconducting properties with the increase of Zn dop-

ing in CugsTly sBa,Ca;CuyOy, s superconductor. The decreased c-axis length with the increase of Zn doping im-

proves interlayer coupling and hence the three-dimensional conductivity in the unit cell. The role of charge carri-

ers in CuO, planes of CugsTlysBa,Ca;Cu, ,Zn, 0y, 5 in bringing about superconductivity has also been ex-

plained.

PACS: 74.70.-b  Superconducting materials other than cuprates;

74.62.Bf Effects of material synthesis, crystal structure, and chemical composition;

74.25.Uv

Vortex phases (includes vortex lattices, vortex liquids, and vortex glasses).

Keywords: Cug sTly sBa,Ca;Cuy4,Zn,0;,_s superconductors, antiferromagnetism, charge stripes, charge carriers.

1. Introduction

After the discovery of high temperature superconduc-
tivity in oxides (i.e La-based) by Bednorz and Muller in
1986, different theories, models, suggestions, and opinions
came from the different corners of the scientific communi-
ty, but unfortunately up till now none of them can 100%
explain the mysterious mechanism of high temperature
superconductivity. Among the unresolved issues in high 7,
cuprates, the most important are:

(1) Antiferromagnetic order in CuO, planes of layered
cuprates.

(2) Non-homogeneous carrier distribution in CuO, planes.

(3) Charge stripes.

It has been suggested that in layered cuprates, the pres-
ence of antiferromagnetic order in CuO, planes suppresses
the superconductivity and this effect becomes more promi-
nent when the number of CuO, planes increases beyond
three [1-7]. The results from nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NQR) mea-
surements show the suppression of antiferromagnetic spin
correlation by Zn substitution in various high 7, supercon-
ductors [8—11]. Therefore, it is expected to be true in
CuysTly sBa,Ca;CuyO4,_5 superconductor that Zn substitu-
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tion suppresses the antiferromagnetic order in conducting
planes. In the unit cell of Cug5TlysBa,Ca;Cus015_5, the two
outer-pyramidal CuO, planes (OP) have five fold oxygen
coordination and the inner-square CuO, planes (IP) have
four fold oxygen coordination. NMR experiments have
shown that OP are over-doped and the IP are underdoped
with carriers [5,12,13]. It has also been found by NMR
studies that OP have higher, whereas IP have lower values
of critical temperature T, [4—7]. The OP have higher carri-
ers density because of their presence in the vicinity of the
Cuy5TlysBay0,,+4 5 charge reservoir layer. The IP are sug-
gested to attain the antiferromagnetic state due to the defi-
ciency of carriers [12,13].

In second opinion, the movement of charge stripes
formed due to the magnetic interaction of the 3d° electrons
of Cu atoms in CuO, planes promotes the superconductivi-
ty [14,15]. Stripes are microscopic rivers of charges that
flow in superconductors. A stripe order is the state, where
spins and charges become ordered simultaneously. In the
stripe phase, there is periodic arrangement of charge stripe
and spin stripes [14]. The basic physics of stripe formation
is the expulsion of holes from the regions of well-formed
local moments [16]. In one scenario the holes would like to
separate themselves completely from the spins [17,18].
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However, the long range Coulomb repulsion frustrates this
tendency, and stripes appear as a compromise. In another
view [19,20], short-range interaction can lead to stripe
formation. Beyond stripology, the key question is the role
of stripes in superconductivity. There is an evidence of
presence of static stripes, or some form of local magnetic
order in superconducting samples [22-25]. However, it
generally appears that the static stripes are antipathetic to
superconductivity and dynamical stripes promote super-
conductivity [15].

The motivation of present work is to reduce the antifer-
romagnetic order in CuQO, planes and also to observe what
will happen with the superconductivity when charge stripe
formation mechanism is quenched by the substitution of
3d" Zn atoms having zero remnant spins at 3 d % Cu atoms
in CuO, planes of CugsTlysBa,Ca;CuyO,, 5 high T, super-
conductors. Also we would like to observe the role of carriers
in bringing about the superconductivity in Zn substituted
CuysTlysBa,CazCuyOyp 5 superconductor. For these pur-
poses Zn is doped at Cu sites in CuO, planes of
CuygsTlysBa,Ca;CuyOq,_5 superconductor and the systemat-
ic increase in almost all the superconducting properties is
observed [26-35]. In this article, we have presented a gist
of the results of systematic study of structure and super-
conducting properties of CugsTlysBa,Ca;Cuy,Zn,01; 5
(»=0,05,1.0, 1.5, 2.0, 2.5, 3.0, 3.5) material and tried to
investigate the role of antiferromagnetism and charge
stripes in high 7, superconductivity by quenching these
mechanisms with Zn substitution at Cu sites in CuO,
planes of Cuy 5Tl sBa,Ca;Cus01,_5 superconductor.

2. Experimental

The Cuo_5T10'5Ba2Ca3Cu4,yZnyO124 (y = O, 05, 10, 15,
2.0, 2.5, 3.0, 3. 5) samples were prepared by solid-state
reaction method accomplished in two stages. At the first
stage CugsBa,Ca;Cuy ,Zn,0,, 5 precursor material is syn-
thesized by using Ba(NOs), (99%, Merck), Ca(NOs),
(99%, Merck), MgO (99%, BDH Chemical Ltd. Poole
England), Cuy(CN), (99%, BDH Chemical Ltd. Poole Eng-
land) and ZnO (99.7%, BDH Chemical Ltd. Poole Eng-
land) as starting compounds. These compounds were
mixed in appropriate ratios and grinded in a quartz mortar
and pestle for about an hour. After grinding, the material
was loaded in a quartz boat for firing in a furnace at
880 °C. The material was fired twice following one
hour intermediate  grinding. The precursor material
was then mixed with TLOs; (99%, Merck) to give
Cug 5Tl sBa,CazCuy ,Zn, Oy, 5 as final reactant composi-
tion. Thallium oxide mixed precursor material was pelle-
tized under 3.8 tons/cm’® pressure. The pellets were
wrapped in a thin gold foil and sintered at respective tem-
peratures for 10 minutes, followed by quenching to room
temperature. The rectangular bar shaped samples of dimen-
sions 2x2.5%x10 mm were used for dc-resistivity and ac-
susceptibility measurements. The structure of material
were determined by using x-ray diffraction scan (D/Max
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IIIC Rigaku with a CuK, source of wavelength 1.54056 A)
and cell parameters by using a computer program. The
phonon modes related to the vibrations of various oxygen
atoms in CugsTlysBa,Ca;Cuy ,Zn,0,, 5 unit cell were ob-
served by Nicolet 5700 Fourier transform infrared (FTIR)
spectrometer in the 400~650 cm ' wave number range. The
dc-resistivity and IV characteristics of the samples are
measured by four-probe technique. The ac-susceptibility
measurements were carried out by mutual inductance me-
thod using S.R.530 Lock-in Amplifier at a frequency of
270 Hz with Hxc = 0.7 Oe of primary coil.

3. Results and discussion

The x-ray diffraction patterns of CuysTlysBa,Ca;Cus,Zn 05 5
(»=0,0.5,1.0,1.5,2.0,2.5, 3.0, 3.5) samples indicate that
all the samples are almost single phase with good quality
in all Zn doping level having the tetragonal structure. The
variation of c-axis lengths with Zn content (at.%) is shown
in Fig. 1. The substational decrease in the c-axis length
with the increase of Zn concentration reflects the im-
provements of interlayer coupling due to which carriers
density in the planes becomes homogeneous and optimum.
Also decreased c-axis length reducts the anisotropy and
increases the coherence length along c-axis [36-39] due to
which carriers mean free path decreases and three dimen-
sional (3D) conductivity is improved. Further interplane
coupling is improved by Mg substitution at Ca sites in
Cuyg 5Tl sBa,CayCu; ,Zn, 0,95 superconductors [28,29].
The decrease in the c-axis length may be due to the Jhan-
Teller effect [40,41]. The Cu'? ions exhibit a strong Jhan-
Teller effect; the octahedron around Cu'? is elongated
along c-axis [42]. However, the octahedron around Zn'? is
not distorted since Zn'? is in d'® state. Therefore, doping
the Cu sites with Zn will reduce the local Jhan-Teller dis-
tortion, and hence reduces the c-axis length. Interestingly,
the decrease in c-axis length seems to correlate with 7,
because the variation of c-axis length is nearly on the same
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Fig. 1. Variation of c-axis lengths versus Zn content (at.%) in
CuysTly sBa,CasCu, ,Zn 0,55 superconductors.
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Fig. 2. Unit cell of Cug 5Tl sBay,Ca;CuyO,,_5 superconductor.

pattern as the increase in 7, with the increase of Zn doping
in CugsTlysBa,Ca;Cus04, 5 system. If this correlation is
real, then the Jhan-Teller distortion may play an important
role in the superconductivity mechanism.

The unit cell of CuysTlysBa,Ca;CusOy, 5 superconduc-
tor is shown in Fig. 2. The apical oxygen phonon modes of
type T1-O5-M(2) and Cu(1)-O5-M(2) (where M = Cu/Zn)
are seemed to be softened from 501 and 537 cm™' to 454
and 514 cm', respectively with Zn doping at Cu sites
in CuO, planes of Cug;TljsBa,Ca;CuyO,, 5 superconduc-
tor, Fig. 3,a. The planar oxygen phonon modes of type
M(2)-Op-M(2) are also softened from 575 to 564 cm ' with
the increase of Zn concentration in the unit cell, Fig. 3,b. If
the softening of these oxygen modes is linked with the
decreased c-axis length then it becomes evident that the
bond lengths along c-axis are decreased between the planes
because the net magnetic spin distortion is minimized with
Zn3d" substitution in the planes. The softening of these
modes is most probably due to increased mass of Zn
(65.38 amu) as compared to that of Cu (63.54 amu) [34].
However, the apical oxygen bond length is suppressed with
Zn doping due to the reduction of Jhan-Teller distortion but
the effect of increased mass of Zn is more prominent in
softening these modes. The variation of these modes of
oxygen reflects the new interaction of oxygen with its en-
vironments in the unit cell of this new material.

The variation of zero resistivity critical temperature 7, and
normal state resistivity at room temperature (pagox (€2:cm))
with the Zn content (at.%) in CugsTlysBa,Ca;Cuy ,Zn, 0155
superconductors is shown in Fig. 4,a. The variation of the
resistivity with temperature is metallic from room tempera-
ture down to onset of superconductivity for all the samples
[26-35]. In Zn free sample the zero resistivity critical tem-
perature T.(R = 0) is observed around 108 K, which is in-
creased to 110, 112, 113, 117, 120, 122, and 124 K for the
samples with Zn doping concentrations of y = 0, 0.5, 1.0,
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Fig. 3. Variation of apical oxygen phonon modes versus Zn con-
tent (at.%) in CugsTlysBa,Ca;Cuy,Zn, 04, 5 superconductors (a).
Variation of planar oxygen phonon modes versus Zn content
(at.%) in Cuy 5Tl sBa,Ca3Cuy ,Zn, 01,5 superconductors (b).

1.5, 2.0, 2.5, 3.0, and 3.5, respectively. Also the normal
state resistivity at room temperature decreases from 0.14 to
0.04 Q-cm with the increase of Zn doping concentration
from y = 0 to y = 3.5. These are the intrinsic properties of
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Fig. 4. Variation of zero resistivity critical temperature 7, and
normal state resistivity at room temperature (pagok (£2:cm)) versus
Zn content (at.%) in CugsTlysBa,Ca;Cuy ,Zn 0,5 5 superconduc-
tors (a). Variation of critical current (I.) observed from IV cha-
racteristics of CugsTlysBa,Ca;Cu, ,Zn, O, 5 superconductors
versus Zn content (at.%) ().
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this new material, which are repeatedly confirmed and
most probably due to optimization and homogeneous dis-
tribution of carriers in the conducting planes. There are many
factors affecting the normal state resistivity (paook (2-cm)) of
the superconducting materials. One of them is the reduc-
tion of defects in the crystal structure due to Zn doping as
evident from XRD pattern [32,34]. It may be quite possible
that the major contribution to the reduction of paggx (Q-cm)
is due to less scattering of carriers by the phonons due to
Zn doping at room temperature. Due to the zero remnant
magnetic spin of Zn 3d'’, no carriers scattering takes place
and carrier density goes to the optimum level in the con-
ducting planes and hence T, of the material is increased.

Also the I'V-characteristics of CugsTlysBa,CasCuy ,Zn, 015 5
samples represent the systematic increase in transport criti-
cal current (/) with the increase of Zn doping as shown in
Fig. 4,b. These measurements show the improvement of
grain connectivity and we can say that grains boundaries
become more conductive with Zn doping. The weak con-
nectivity of grains can reduce the overlap of the wavefunc-
tions of the carriers in the adjacent grains bringing about
superconductivity and can suppress the order parameter
[43]. In polycrystalline materials, the most probable
sources of weak links through grain boundaries are oxygen
deficiency, vacancies, secondary phases, impurity phases
composition variation, disorientation of grain boundaries
etc [44-48]. The elimination of these sources would in-
crease the coupling between the grains and hence the
transport properties of oxide superconductors. The weak
links promote inferior transport properties in the compound
[49-51]. The maximum transport current (in zero/non-zero
external magnetic field) is an important parameter, which
sets a criterion for the superconductor to be used for appli-
cations. As in our samples the impurity phases are nominal
and other sources may be decreased with Zn substitution,
so transport properties are increased.

The ac-susceptibility measurements of
CuygsTlysBa,CasCus ,Zn, 0, 5 samples complement the
resistivity measurements that 7, onset and peak tempera-
ture 7, observed in out of phase component are seemed to
be increased with the increase of Zn doping level as shown
in Fig. 5,a. The relative increase in the diamagnetic signal
normalized with the masses of the samples versus Zn con-
tent (at.%) is shown in Fig. 5,b. It is also observed that
diamagnetic transition becomes sharp with the increase of
Zn concentration, which is the finger print of improvement
of the single phase stability with Zn substitution [26-35].
The ac-susceptibility measurements provide the informa-
tion about the volume superconductivity by the diamagnet-
ic behaviour of the material. So the volume superconduc-
tivity is improved with Zn substitution, which may be due
to increase in coherence length along c-axis and homogen-
ous distribution of carriers with less perturbation in the
planes. The in-phase component of magnetic ac-sus-
ceptibility y' is related to Meissner volume of the dia-
magnetism within the grains [43,44,52]. The suppression
of superconductivity within the grains decreases the mag-
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Fig. 5. Variation of T, onset and peak temperature (7},) observed
in out-of-phase component of ac-susceptibility versus Zn content
(at.%) in CugsTlysBa,Ca;CuysZn 0,5 superconductors (a).
Variation of maximum diamagnetic signal observed in in-phase
component of ac-susceptibility versus Zn content (at.%) in
Cuy sTly sBa,Ca3Cuy ,Zn 0, 5 superconductors (b).

nitude of y'. The y' originates from the superconducting
shielding currents, which flow over the surface of the
sample. The imaginary part of magnetic ac-susceptibility
x'' measures the hysteresis losses due to eddy currents
through the inter-grain weak links. The peak of »" in a
superconductor with weakly connected grains appeared at
lower temperatures as compared to the sample with
strongly coupled grains [53]. The sharpness of the peak in
" reflects the strong intergrain coupling, flux pinning
and higher J, in the samples [54,55].

The carriers, in case of CugsTlysBa,Ca;Cuy ,Zn,01; 5
superconductors, are most likely supplied by the ratio of
Cu™/TI? and oxygen content in the CugsTlysBayO, s
charge reservoir layers [32,34]. Oxygen content, deter-
mined by standard iodiometric titration [56,57], are in-
creased with the Zn doping in the unit cell. The presence of
Cu™? in the CugsTlysBa,O, 5 charge reservoir layers of
CugsTlysBa,CasCuys,Zn, 05 5 efficiently dopes the
Zn0,/CuO; planes with carriers and we get enhanced su-
perconductivity. The most possible reason for the enhanced
superconducting properties is the reduction of the anisotro-
py due to decreased c-axis length of the material with Zn
doping, which decreases the carriers mean free path and
carriers density becomes homogeneous and optimum in the
conducting planes.
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4. Conclusion

The doping of Zn 34" at Cu 3’ sites in CuO, planes of

Cuyg 5Tl sBa,CazCusO125

superconductor enhances the

superconductivity parameters, which is most probably due
to homogeneous distribution of carriers in the conducting
planes by the suppression of antiferromagnetic order and
charge stripes mechanism. The Zn substitution decreases
the c-axis length due to which coherence length decreases,
carrier distribution in the planes becomes homogeneous
and optimum, and 3D conductivity in the unit cell is im-
proved. So the role of charge carriers in high 7, supercon-
ductivity is primary. Also the grain connectivity becomes
better and single phase stability is improved with Zn subs-
titution in the material.
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