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Abstract. The superconductivity of YBayCuz Oy ceramics doped with SnO; was studied.
The superconducting transition temperature T, was increased slightly as the SnO2 content
changed from 0 to 5 wt%. The results of the Méssbaner effect and the positron
annihilation spectra showed that the Sp ions did substitute for Cu(l) sites. The increase
in T; may be attributed to the optimal carrier concentration as well as 1o the fine and
dense microstructure obtained by doping with SnOa.

1. Introduction

It is commonly recognized that the stable T, of the YBa,Cu;O, (YBCO) system is
90-95 K [1, 2]. A substitutional study is a meaningful way to obtain information
about the electronic and crystal structure of these cuprate oxide superconductors.
Much work has been performed on doped YBCO superconductors. Some much higher
superconducting transition temperatures T, were reported [3, 4. However, most
of the superconducting transition temperatures T, of doped YBCO superconductors
were much lower [5, 6]. The present paper reports the doping effect of Sn on the
superconductivity of YBCO.

2. Experimental details

The samples were prepared by means of a solid state reaction. The raw materials
BaCO,, Y,0; CuO and SnO, powders were weighed according to the nominal
stoichiometry of YBa,CuzO, + = wt% SnO, where = was equal to 0.1, 0.2, 0.5, 1,
2 and 5, respectively. The powders were carefully mixed and pre-fired on Al,Og
plates at 900°C for 6 h in air and broken to powders again. The calcination was
repeated several times to improve homogeneity. The pre-fired powders were pressed
and sintered at 960-1000°C for 20 h in air and then cooled by controlling carefully
in a furnace. The samples were annealed at 500°C for 24 h in air.

The crystal structure of the samples was studied by x-ray powder diffraction (XRD)
at room temperature with Cu Ko radiation, Scanning electron microscopy (SEM) was
used to analyse the composition of the materials. .
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The samples with 0.5 wit%, 2 wi% and 5 wt% SnO, (80% enriched with '!°Sn)
were denoted (a), (b) and (c), respectively, The powders were pressed into discs of
density 70 mg cm~2 and mounted on the cold head of a closed-cycle refrigerator
(Displex model CS-202) with an accuracy of +0.1 K. Temperature-dependent Sn
Massbauer spectra of samples (a), (b) and (), a sample with 5 wt% natura] tin
(sample (a’)) and SpO, in the temperature range from 12 fo 300 K were recorded
using a constant-acceleration spectrometer Oxford MS-500 with transition geometry.
The source of 2 mCi CaSnO, was kept at room temperature. The data were analysed
using the program MOSFUN.

The positron annihilation lifetime spectra of the samples were measured with
a fast-slow coincidence system with a time resolution of 220 ps from %9Co. Each
spectrum contained a total of 1 x 10° counts. The lifetime spectra were analysed for
three components with a variance of fits less than 1.10 using the computer program
POSITRONFIT EXTENDED [7].

The superconducting transition temperatures T, were measured by a traditional
four-probe technique and AC susceptibility methad (table 1). The accuracy of the
voltmeter is 10~2 V. A calibrated Pt resistance thermometer was uvsed to determine
the temperature of the sample. The measurement of AC susceptibility was made on a
mutual inductance bridge with a sensitivity better than 10~2xH. A calibrated carbon
resistance thermometer and calibrated copper—constantan thermocouple were used to
determine the temperature of the sample simultaneously.

Tahle 1. The superconducting transition temperature Tc and the phases of the
YBagcu;,O,, -+ £ wi% SnO;.

x T Phases present

0 920 YBa, (w0,
0.1 925 YBayCusO,
02 930 YBaCus0y
05 940 YBa;CusOy
1 945 YBa;CuzOy, BaCuO,, BaSnO;
2 960 YBayCusOy, BaCuO;z, BaSnOg
5 965 YBaCusOy, BaCuOsz, BaSnOy

3. Results and discussion

3.1. Phases and superconductivity

The specimens were very hard and had a metallic lustre appearance. The relative
densities of the specimens were high, up to 97.7% of the theoretical density.

The XRD results show that the single ‘1:2:3’ structure is obtained for ¢ < 1 while
for z > 1, extra phases such as BaSnQ,; and BaCuO, were found (see table 1).
In the dopant range of 0.1 € z < 5, the ‘1:2:3’ phase remains orthorhombic. No
obvious variation in the lattice parameter is found. The SEM results indicate that the
microstructure becomes fine and dense gradually as the SnO, content increases and
a few impurities segregate at grain boundaries for z 2> 1.

The T, of samples is improved slightly as the SnO, content increases in the range
of 0 € = < 5 (see table 1). The superconducting transition is sharp and the transition
region is narrow.
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3.2, Mossbauer effect

3.2.1. Valence state and location of tin ions in YBco. The Méssbaver data are shown
in table 2. The Moéssbauer isomer shifts (relative to SnO,) for Sn-doped YBCO in
table 2 indicate a valence of Sn** by comparison with that of SnO,.

Table 2. MoGssbauer parameter isomer shifts (1S), quadmupele splittings {s) for YBCO
samples with various Sn contents: sample (2), 5 wt%; sample (b), 2 wi%; sample {c),
0.5 wit%,

Qs IS
Sample (mm s~!) (mms™') x?
@ 0792) 0111y 113
®) 0653)  0O07(1) 125
© 052(6) 0042 109

Sn0;  069(3)  0.03(1) 1.01

The radius of Sn*t is 0.69 A, which is similar to that of Cu®t with a radius of
0.72 A. From the similarity of the ionic radii and electronegativity of elements, the
Sn*t jons were expected to substitute for Cu sites in YBCO [8-12].

3.2.2. Temperature dependent f(T) factor. In the thin-absorber case, where the sat-
uration effect can be neglected, the recoil-free fraction f(7') is proportional to the
absorption areas A(T') under the resonance (which can be measured very precisely)
and can be expressed as [13]

2 .ep/T
f(T) = CA(T) = exp [w-é-z-fg—n (1 + (g) fu (expz — 1)"1:z:da:)] (1)

where Ep is the recoil energy, kg is the Boltzmann constant, C' is a constant and
Oy is the Debye temperature. An anomalous narrow drop of 3% near T, in the
four samples (a’), (2), (b) and (c) are shown in the curves of the areas A(T) versus
temperature in figures 1 and 2. This implies that the phonon softening occurs in this
temperature range, which may be a precursor of the onset of superconductivity in
YBCO. Similar drops appear at about T = 220 and 200 K, as found also in other
experiments [14, 15]. The temperature dependences of A(T) below T = 135 K
in figure 2 clearly demonstrate that the softening temperatures are reduced with
decreasing Sn content. So the YBCO samples with 5 wi% natural tin (sample (2”))
and 5 wt% enriched '!°Sn (sample (a)) soften at the same temperature.

The phonon softening in the high-T, superconductors, as an anomalous diminu-
tion of the recoil-free fraction fF(7T), has been observed in many Mussbauer measure-
ments, but the f(T')-factor decreases in a different way near and below the transition
temperature T.. A sudden drop similar to that obtained in the present work was
observed in the ! Eu Massbauer effect for the Eu-Ba—Cu-O system [8]; in other ex-
periments the f(T)-factor displays a little diminution for T < T, but no observable
narrow drop.



4984

Chen Ang et al
12

— -~ 58

= T

2 4

o =

= o] |

< < %
50 t

10 140 210 28D bR {1 -31] 280
Temperaturery) Temperature (K)
fa) i

Figure 1. The absorprion areas under the Méssbauer resonance curves as a function of
temperature for superconductor YBOO samples containing (a) 5 wt% and (b) 2 wt% tin.
The arrows indicate the temperature at which A(T) has an anomalous drop. The full
curves represent a fit to experimental A{T") using the Debye model provided that the
anomalous data points were rejected.
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Figure 2. Temperature-dependent absorption areas A(T) over a range from 70 to 135 K
for YBCO samples containing 5 wi% natural tin (curve (a’)), 5 wi% cnriched Sn (curve
(a)) 2 wi% enriched Sn (curve (b)) and 0.5 wi% enriched tin (curve (c)). The broken
lines indicate the temperature at which A(7) has an agomalous drop.
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Figure 3. The positron lifetime as a function of the Sn content of the Sn-doped YBCO
in the normal state.
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3.2.3. Debye temperature. In the high-temperature limit, equation (1) can be reduced
to the form [13)

ln f(T)=1n C +1n A(T) = In C - (6 Ep/ks©})T. o)

For T > 150 K the temperature-dependent In A(T) can be well fitted by a
straight line, and @y = 320 % 13 K and ©p = 294 + 26 K were obtained for
samples (a) and (b) respectively. These values are in good agreement with that
obtained by Tan Yuen et af [9].

3.3. Positron annihilation spectra

Three positron lifetime components r;, T, and 75 were resolved from all the obtained
lifetime spectra, where r; ~ 170 ps, and its intensity I, ~ 70%. The long lifetime 7,
and its intensities I, were found to be about 2 ns and about 1.0%, respectively. The
short-lived component r; and the long lifetime component 3 are assigned to the
positron annihilation in the bulk and that in the source or at surfaces between the
grains of ceramics. It has been reported that the intermediate-lived lifetime compo-
nent 7, is sensitive to the electronic structure of the high-T, oxide superconductors
[16]. So the following discussion is focused on this lifetime component.

The intermediate-lived component r, of YBCO doped with SnO, is shown in
figure 3. The positron lifetime decreased quickly for 0 < » < 1 and then 7, increased
with increasing = for x > 1.

From the results of Mdssbauer measurements on these samples, it is known that
the Sm substituted for Cu sites. Did Sn replace Cu(l) or Ca(2)? Some workers
reported that the Sn substituted for Cu(l) rather than Cu(2), especially when the
content of Sn was small, while others reported that the Sn might cccupy both Cu(l)
and Cu(2) sites [8-12].

In the case of Sn doping, the experimental results show that the positron lifetime
is closely related to the tin content as in figure 3. For ¢ < 1, 7, decreases with
increasing x, i.. the annihilation rate of positron increases. According to the tesults
calculated by Turchi er 2 [17], the positron wavefunction is located in the vicinity of
the Cu(1)-O chains and the positron mainly annihilates around the Cu(1)-O chains.
The substitution of the higher-valence state Sn*¥ element for Cu(1) sites results in an
increase in the overlap of the positron wavefunction with the cloud of core electrons
and valence electrons of Sn*t, i.e. the annihilation rate of the positron is increased.
So the positron lifetime 7, is decreased for x < 1 as in figure 3. Thus the results
of the positron annihilation spectra indicate that the Sn substituted at Cu(l) sites.
Further evidence and the detailed analysis will be published elsewhere [14].

The increase in the positron lifetime for = > 1 can be attributed to the extra
phases that appeared. It is obvious that the positron annihilation lifetime is highly
sensitive to the substitutional solubility; this result is in good agreement with other
experimental data [18].

3.4. Discussion

It has been reported that the superconducting properties are directly affected by the
substitution for the Cu element in YBCO compounds. This substitution will suppress
the superconductivity [5, 6]. However, in Sn-doped specimens, T, did not decrease
but has been improved a little. This interesting phenomenon is briefly discussed as
follows.
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It is known that the carrier concentration is closely related to the superconduc-
tivity in cuprate oxide superconductors, ie. there is an optimal value of the carrier
concentration which maximizes the 7}, of cuprate oxide superconductors [19-22].

Neumeier et a/ [23] have studied the relation between the superconductivity T, and
the substitution content of the (¥,_._, Ca,)Pr,Ba,Cu;0; o system superconductors
in detail. The results showed that there was an occurrence of a peak in T, when the
Ca content y changed, for a fixed Pr content x. Neumeier e a/ interpreted this as
the substitution of Pr and Ca together modifying the carrier density of the samples.
They derive an equation which relates T, to the carrier density. According to this
equation, the calculated T, may be up to 97.1 K They supposed that, if a tetravalent
element with no magnetic moment was used for solid solution substitution for the
element of the ‘1:2:3’ phase, 7, may be increased. The present work indicated that
T, has been increased slightly by doping Sn as a substitute for Cu. This result is in
agreement with the above view.

Much work has been done to determine whether either Cu(1)-O chains or Cu(2)~
O planes play the domirant role in superconductivity in the cuprate oxide supercon-
ductors. Now it is thought that the Cu{2)-O planes are responsible for the high-T,
superconductivity. Tokura et g/ [19] and Tranquada et alf [20] suggested a model in
which the Cu(1)-O chains act as an electron reservoir which serves to modify the
carrier concentration and 7. In the present work, Sn substitutes for Cu(1) sites; so it
has iess influence on the Cu(2)-O planes; however, it makes the carrier concentration
optimal and hence T, is improved.

The calculation results of Mdssbauer spectra indicated that the Debye temperature
of the sample doped with 5 wt% Sn is higher than that of the sample doped with
2 wt% Sn. On comparison with the 7, data, the conclusion can be drawn that a
higher Debye temperature will be favourable.

Softening phenomena near T, were observed in the temperature-dependent f(T°)-
factor, and the temperature of phonon softening increased as the amount of Sn
substitution increased. This change is in good agreement with the change in super-
conducting transition temperature T, of the samples. From the results of the present
work and the previous published data, it can be generally believed that the phonon
plays an important role in the novel oxide superconductors.

On the other hand, the ceramic sintering mechanism of the materials has been
improved by doping with Sn. A fine dense microstructure of the superconductors was
obtained, and the weak link between the grains was improved; these contributed to
the -qualified superconductivity.

4. Conclusion

The superconducting transition temperature T, of the YBCO system ceramics has
been improved slightly by doping with SnO,. The results on Mossbauer and positron
annihilation spectra indicate that Sn** did substitute on Cu(1) sites. On the basis of
the experimental results, the slight increase in T, is attributed to the optimal carrier
concentration. In addition to these reasons, the improved microstructure may favour
superconductivity in the materials obtained by doping with SnQ,.
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