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Abstract Be doped  (CugsTlys)Bay(Ca,_yBey)(Cus, s
Cdys5)O19_s (y =0, 0.1, 0.2, 0.35, 0.5) superconductive
samples are synthesized by solid state reaction method at
normal pressure. The X-ray diffraction of these samples
reveals a suppression in the c-axis length with the enhanced
Be contents, reflecting the incorporation of Be at the inter
plane Ca sites. The critical temperature T. (R = 0) and
onset temperature of diamagnetism T, (onset) are found to
increase with the increasing Be-contents up to y = 0.2 and
decrease beyond this doping level. The room temperature
resistivity, piook), is decreased in y = 0.1 and 0.2 samples,
and raised to higher values beyond y = 0.2 in comparison
to y = 0 samples. This improvement most likely arises due
to the better interplane coupling caused by incorporation of
Be at the Ca sites in the unit cell. The magnitude of dia-
magnetism is suppressed in all the Be-doped samples in
comparison to un-doped sample. The FTIR absorption
spectra show systematic hardening of the vibrational
modes of apical oxygen with the increasing Be concen-
tration. It confirms the incorporation of Be at the interplane
Ca sites which results in the enhanced interplane coupling
and hence the better superconducting properties in y = 0.1
and 0.2 samples. This hardening of the apical oxygen
modes also complements our XRD results. The suppression
of superconductivity parameters in samples with higher Be
contents, namely y = 0.35 and 0.5, is attributed to the
presence of heavier Cd at the Cu planar sites in CuO,/CdO,
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planes. Cd atoms suppress the phonon’s population due to
anharmonic oscillations it produces. Such anharmonicity is
further promoted due to the enhanced interplane coupling
caused by Be doping which further suppresses the pho-
non’s density and hence the superconductivity in the
samples with higher Be-contents i.e. y = 0.35 and 0.5.
These results stress on the vital role the electron—phonon
interactions in the mechanism of superconductivity in
cuprate superconductors.

1 Introduction

In order to explore the mechanism of superconductivity in
oxide high T, cuprate superconductors, the scientific
community has always stressed on the unit cell of these
materials [1-4]. The general unit cell of these high tem-
perature superconductors (HTSC) contains two main parts
i.e. the charge reservoir block and the superconducting
block. These two blocks are separated by Ba atoms. The
charge reservoir block, (Cug 5Tl 5)Ba;O,4_s, in CuTl-based
cuprates is semi-conducting. The superconducting block
contains CuQO, planes separated by Ca atoms and these
planes ultimately determine the critical temperature and
mechanism of superconductivity in HTSC [5, 6]. Con-
ductivity along these planes is higher than the conductivity
along the c-axis direction which results in large anisotropy
EanlCo)-

Among the cuprate HTSC, (CugsTlys)BayCa,
Cu,, . 4_s superconductors are most promising due their low
penetration depth, relatively low toxicity compared to
TIBa,Ca,_;Cu,,4_5, normal pressure synthesis and semi-
conducting charge reservoir layer (CugsTlys)BayOy_s
[7, 8]. The T, (R = 0) is optimum for the » = 3 member
of this family [9-11]. However the anisotropy of this
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compound is greater than its parent compound, CuBa,
Ca,_1Cu,y4_s- So in order to have small values of aniso-
tropy and enhanced interplane coupling, it is often pre-
ferred to replace the larger sized Ca®" ions (ionic
radius = 0.99 A) by smaller sized and more electronega-
tive ions like Mg?" (0.65 A) and Be?* (0.45 A) [12-19)].
Cd had been doped in the CuO, planes at Cu site in
(Cug5Tly 5)BayCa,_1(Cu,_yCdy)Osnys—5 (n = 3,4) super-
conductors [20, 21]. The idea behind those studies was the
investigation of any possible role of electron—phonon
interactions in the mechanism of high T, superconductivity
i.e. when Cu (a lighter atom) is replaced by Cd (heavier
atom), due to the huge difference in mass, the phonons
associated with Cd would be different than those associated
with Cu. Thus the doping of Cd would give rise to
anharmonic oscillations which in turn results in the sup-
pression of density of the desired phonons required for
optimum superconductivity. The lack of optimum pho-
non’s population was expected to reduce density of the
Cooper pairs. As the Fermi vector (Kg) depends on the
number density of the carriers so it would also be reduced.
Such a decrease in Kg would suppress the coherence length
(. = h’Ke/mmA] as well as the Fermi velocity (Vi) of the
carries and thus the superconductivity [10, 22-24]. The
conclusion of the above studies was that the role of elec-
tron—phonon interaction is pivotal for superconductivity in
HTSC. In the present work, we have doped Be at the Ca
interplane sites in (CugsTlys)Ba(Ca,_,Bey)(Cu, sCdg s5)
0,0_; superconductive samples for further elaboration of
the above conclusions. The distance between the CuO,
planes and hence the c-axis length, are expected to be
decreased with the enhanced incorporation of Be in the unit
cell. When the planes will come closer together, the
interplane coupling will be improved. But in spite of the
better interplane coupling, it is expected that the anhar-
monicity of Cd atoms will become more pronounced.

2 Experimental

Be-doped  (Cug 5Tl 5)Bay(Cay_yBey)(Cuy 5Cdg 5)O019—5
(y =0, 0.1, 0.2, 0.35, 0.5) superconductive samples were
synthesized by well known solid state reaction technique
at normal pressure in two steps. The precursor material,
Cuy sBay(Ca,_yBey)(Cu, 5Cdy 5)O19—5, was prepared in
first step by mixing Ca(NO3),, Ba(NO3),, Cd(NO3),, BeO
and Cu(CN) compounds according to the formula unit
and grinding for an hour in a quartz mortar and pestle.
This ground material was then fired twice at 860 °C in a
quartz boat for 24 h followed by furnace cooling to room
temperature. In the 2nd step, the fired precursor was
ground for an hour and was mixed with a calculated
amount of T1,O5 (according to the formula unit) to yield
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(Cug 5Tl 5)Bax(Cay_yBey)(Cu, 5Cdo 5)O010—5  supercon-
ductors as final compounds. The T1,03; mixed materials
were pelletized at 4 tons/cm” pressure and the pellets
were enclosed in gold capsule. The pellets containing
capsule was heat treated in a pre-heated furnace (860 °C)
for 10 min. The samples were then quenched to room
temperature.

The dc-electrical resistivity measurements of the syn-
thesized samples were carried out with the four probe
technique, keeping the current across the sample constant
i.e. | mA. These measurements were performed during the
heating cycle by varying the temperature between 77 and
290 K and rectangular shape samples of dimensions
4.5 mm x 2 mm x 8 mm were used. The ac-susceptibil-
ity was measured by using mutual inductance method. For
determination of the crystal structure and phase purity,
XRD of the samples was carried out by using fine powder
X-ray diffraction method. We used the D8 Fuscous
diffractometer from BRUKER with Cu-Ka source having
wavelength of 1.54056 A. The data of X-ray diffraction
scans was then analyzed with the chekcell refinement
software [25].

For Fourier transform infrared (FTIR) absorption spectra
we used the NICOLET 5700 spectrometer and recorded the
spectra in the wave number range from 400 to 700 cm ™.
KBr was used as background material with 200 scans while
500 scans of the spectra were recorded for each sample to
minimize the signal to noise ratio.

3 Results and discussion

The X-ray diffraction scans of (CugsTlys)Bay(Cas_y
Bey)(Cu2,5CdO,5)Olo,5 (y = O, 01, 02, 035, 05) super-
conductive samples are shown in Fig. 1a, b. These scans
reveal the crystal structure of the samples to be
orthorhombic with PMMM space group. All the samples
show predominantly single phase nature i.e. (Cu-T1)-1223
phase. The unit cell parameters determined from the XRD
data are as follows. The a-axis length is found to be 4.335,
4.330, 4.330, 4.320 and 4.340 A while the b-axis length is
4.125, 4.200, 4.200, 4.120 and 4.200 A for y=0,0.1,0.2,
0.35 and 0.5, respectively. The c-axis length is 14.200,
14.280, 14.145, 14.100, 14.000 A for the increasing order
of Be-content (y), respectively. The a and b-axes lengths
are marginally altered, Fig. 1d, whereas the c-axis length is
decreased with the increasing Be doping, Fig. Ic. The
suppression in the c-axis length most likely arises due to
the incorporation of Be at the Ca interplane sites. As ionic
radius of Be?* (0.45 A) is smaller than that of Ca®"
(0.99 A) so incorporation of the Be cause to decrease the
separation between the CuO,/CdO, planes and hence
suppresses the c-axis length [26].
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<Fig. 1 a XRD scans of (Cu0A5TloA5)Baz(Caz_yBey)(CuzASCdOAS)O10_5
(y = 0, 0.1, 0.2) superconductors. b XRD scans of (CugsTlys)Ba,
(Ca,_yBey)(Cu, 5Cdy 5)O019—5 (y = 0.35, 0.5) superconductors. ¢ Plot
of c-axis length versus Be-content (y) for (CugsTlys)Bay
(Ca,_yBey)(Cu, 5Cdy 5)O019—5 (y = 0, 0.1, 0.2, 0.35, 0.5) supercon-
ductors. d Plot of a and b-axis lengths versus Be-content (y) for
(Cu0‘5T10A5)Baz(Caz_yBey)(Cu2A5Cd0_5)O10_5 (y = 0, 01, 02, 035,
0.5) superconductors

Variation in dc-electrical resistivity with temperature for
these samples is shown in Fig. 2a. The resistivity of all the
samples varies in a metallic way up to onset of supercon-
ductivity as the temperature is lowered. T. (R = 0) for Be
free sample (y = 0) is observed around 100 K whereas it is
increased to 107 and 108 K for the samples with Be con-
tents of y = 0.1 and 0.2, respectively. For further increase
in the doping level of Be, the T, (R = 0) is decreased to
102 and 93 K in the samples with y = 0.35 and 0.5,
respectively; see Fig. 2b. pi90k), in (Cug 5Tl s)Bay(Ca,_
yBey)(Cuy 5Cdy 5)010-5 (y = 0, 0.1, 0.2, 0.35, 0.5) samples
is found to be 0.206, 0.122, 0.181, 0.310 and 0.410 Q-cm
for the increasing order of y, respectively. This data shows
that T, (R = 0) is increased and the ppgok) is decreased
with the enhanced Be-concentration up to y = 0.2 while
the T, (R = 0) is suppressed and the p9k, is enhanced
for further increase in Be contents, namely y = 0.35 and
0.5, as compared to un-doped (y = 0) samples. The sup-
pression in normal state resistivity and increase in
T. (R = 0) are attributed to the better interplane coupling
brought about by the incorporation of smaller sized Be*™
ions at the larger sized Ca’" ions [5]. On the other hand,
the suppression of T, (R = 0) and enhancement in the
normal state resistivity most likely arise due to the presence

300

of heavier Cd ions in the CuO, planes that induce anhar-
monic oscillations. This anharmonicity is further increased
when the planes come closer together due to Be-doping
pointing to the fact that the electron—phonon interactions
are somehow involved in the mechanism of superconduc-
tivity in these materials [20, 26].

The ac-susceptibility versus temperature graphs for our
samples are displayed in Fig. 3a, b. All the samples reflect
diamagnetic behavior below T, (onset) in the in-phase com-
ponent of susceptibility (). Values of T, (onset), from the y’
plots are found to be 101, 106, 108, 103 and 93 K fory = 0,
0.1, 0.2, 0.35 and 0.5 respectively. From the out of phase
component (y"), the peak temperature (T,) is observed at 96,
103, 105 and 99 K for y = 0, 0.1, 0.2 and 0.35 samples,
respectively; whereas the y = 0.5 sample has not shown any
peak. The magnitude of diamagnetism (Iyl77x,) is suppressed
in all the Be-doped samples as compared to y = 0 sample.

Although the mechanism of superconductivity in HTSC
is unknown but still role of the electron—phonon interactions
cannot be excluded [27]. The phonon modes related to dif-
ferent oxygen atoms in the unit cell of cuprate supercon-
ductors are of immense importance. Such oxygen vibrational
modes in Tl-based high T, cuprates lie above 300 cm™'
wave number [28—-32]. These vibrational modes in the unit
cell are categorized as (1) the apical oxygen modes (2) the
planar oxygen modes and (3) the O3 oxygen modes. As the
charge reservoir layer of CuTl-based superconductors con-
tains Cu as well as T1 atoms so the apical oxygen modes are
of two types, namely Cu(1)-O,—Cu(2) and Cu(1)-O,-TI.
These apical modes are observed around 420-480 and
540 cm ™" while the planar and O oxygen modes are found
around 580 and 692 cm ™! respectively [28, 30].

(b) T
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Be-contents (y)

Fig. 2 a DC-electrical resistivity versus temperature graphs of (Cug 5Ty 5)Ba,(Ca,_yBe,)(Cu, sCd 5)010—5 (y = 0, 0.1, 0.2, 0.35, 0.5) samples.
b T. (R = 0) versus Be-contents plot for (Cug sTly.s)Ba,(Ca,_yBey)(Cu, 5Cdg 5)010-5 (y = 0, 0.1, 0.2, 0.35, 0.5) samples
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Plots of the FTIR absorption spectra for (CugsTlys)
Baz(Caz_yBey)(Cu2,5Cd0_5)O10_5 (y = 0, 01, 02, 035,
0.5) samples are depicted in Fig. 4. The apical oxygen
mode of type Cu(2)/Cd-O4-TI have two branches i.e. Cd—
O,-TI and Cu(2)-OA-TI1. The earlier is observed about
420 cm™ ' in all the samples while the later is found around
438, 444, 457, 457 and 457 cm ™! for the ascending order
of y. The other apical oxygen mode of type Cu(2)/Cd-O,—
Cu(1) is also branched into two due the presence of Cd; the
vibrational modes of type Cd—Os—Cu(l) are observed
around 479, 485, 492, 503 and 485 cm™! for y =0, 0.1,
0.2, 0.35 and 0.5 samples, respectively, while the modes of
type Cu(2)-O,—Cu(1) are found around 539, 536, 535, 536
and 534 cm ™' for the ascending order of Be-contents (y).
This data shows that the apical oxygen modes of type
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Fig. 3 a AC-susceptibility versus temperature plot of (Cug 5Tl s5)Ba,
Cay(Cuy5Cdy5)0q9_s superconductive sample. b AC-susceptibility
versus temperature graphs of (CugsTly 5)Bay(Ca,_yBey)(Cu, sCdy s)
Oj9_s (y = 0.1, 0.2, 0.35, 0.5) samples

hardened with the increasing concentration of Be. The
planar oxygen modes of vibration, namely Cu(2)-Oy—
Cu(l), are observed about 570, 568, 570, 567 and
570 cm™! for y=0, 0.1, 0.2, 0.35 and 0.5 samples,
respectively. This marginal alteration of the planar modes
show that there is no systematic variation in the lengths of
a and b-axes which is in agreement with our XRD results,
Fig. 1d. The Os oxygen mode almost stays fixed about
692 cm™ ! in all the samples and its intensity is almost
constant indicating that the oxygen contents in our samples
are at their optimum level. This data shows systematic
hardening of the phonon modes of apical oxygen with the
increasing Be concentration. Such hardening implies
shortening of the apical oxygen bond length which indi-
cates the incorporation of Be at the Ca interplane sites in
the unit cell of our samples. Our XRD results i.e.

Absorption (A.U)

700 600 500 400
Wave nubmer (cm?)

Fig. 4 FTIR absorption spectra of (CugsTlys)Bay(Ca,_yBey)(Cu, s
Cdy5)O10_5 (y = 0, 0.1, 0.2, 0.35, 0.5) superconductors
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suppression of the c-axis length is also complemented by
the FTIR results i.e. hardening of the phonon modes of
apical oxygen.

4 Conclusions

The XRD results of our (CugsTlys)Bay(Ca,_,Be,)(Cu, 5
Cdy5)019_5 (y = 0, 0.1, 0.2, 0.35, 0.5) samples show that
length of the c-axis of the unit cell is reduced with the
enhanced Be-concentration. The suppressed c-axis shows
that the distance between the CuQO, planes is decreased
with the increasing Be-contents in the unit cell of our
samples. T, (R = 0), from the resistivity measurements is
found to increase with the increasing Be-doping up to
y = 0.2 i.e. from 100 k (for y = 0) to 108 K (for y = 0.2)
and is decreased beyond this doping level. The T, (onset)
and T, from the susceptibility data also show the same
trend as found for T. (R = 0) with the increasing Be-
contents. The improvement in T, T, and T, (onset) most
likely arises due to the better interplane coupling brought
about by the incorporation of Be at the Ca sites between the
planes. Whereas the suppression of these parameters for
higher doping concentrations of Be may be arising due to
the presence of heavier Cd atoms in the CuO, planes.
Influence of the anharmonic oscillations induced by Cd
atoms becomes more pronounced when the planes come
closer together thereby suppressing the population of the
desired phonons required for optimum superconductivity.
The FTIR results of our samples show systematic harden-
ing of the apical phonon modes of vibration at 438 and
479 cm™! that indicate the decreased bond length of the
apical oxygen. Shortening of the apical oxygen bond length
implies suppression of the c-axis length and thus the FTIR
results of our samples agree with the XRD results. These
studies emphasize on the fact that the electron—phonon
interactions play a fundamental role in the mechanism of
superconductivity in cuprate superconductors.
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