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In this paper, the synthesis of the La,Ba,Cu,O

18-3

and Sm,Ba,Cu O

<0, ; superconductors using the

combustion method is reported for the first time. Besides, a comparison with the solid-state reaction
method was performed. The materials were synthesized at 870 °C for 24 h under oxygen flow. Rietveld
refinement showed materials with the main crystal phase corresponding to the orthorhombic structure
of space-group Pmm2 (25), with purity in the range 51-85%, which had not reported for the RE358
systems. On the other hand, the magnetic measurements under external fields (30 and 100 Oe) confirmed
the diamagnetic response associated with the Meissner effect, and T, values between 24 and 58 K.
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1. Introduction

The YBCO family of superconductors is constituted by
the materials YBa,Cu,O, , (Y123) with a critical temperature
(T) of 90 K'?, YBa,Cu,0, (Y124), Y,Ba,Cu,O, (Y247)
and Y,Ba,Cu O, (Y358), which differ on the number of
CuO, planes and CuO chains’. These superconductors have
electronic and magnetic applications, such as electric motors,
particle accelerators, magnetic levitation devices, and cables®.

Y358 superconductor exhibits the highest T (98 K), it has
an orthorhombic structure of space-group Pmm2 (25) and its
unit cell is similar to that of Y123, with a and b parameters
very similar. Nevertheless, the ¢ parameter is almost three
times larger than the one of Y123°. Y123 superconductor is
constituted by two CuO, planes and a CuO chain, Y124 by
a double CuO chain, while Y247 has a CuO, plane and a
double CuO chain. The Y358 superconductor is similar to
Y 123, although has five CuO, planes and three CuO chains
per unit cell. CuO, planes are important for the transfer of
charge carriers and CuO chains perform as a charge reservoir
by not being superconductors®. The greater number of planes
and chains in the Y358 system generates an increase in the
T, due to a greater amount of electron pairs’*.

The RE358 (RE = rare earth) superconductor system
has been commonly synthesized by the solid-state reaction
method, starting from stoichiometric mixtures of oxides and
carbonates, and using high temperatures for a long time®*!°,
This led to the use of wet methods such as sol-gel'! and
combustion'?, which favor obtaining pure materials and
nanocrystalline powders'>'*. Nevertheless, the sol-gel method
has disadvantages associated with parameters, which must
be carefully modified such as precursors, solvent, and pH, to
reach the desired composition, and microstructure properties.

*e-mail: ubefuentes@yahoo.es

An alternative to the sol-gel method is the combustion
method among the wet methods due to its simplicity, speed
and effectiveness for the synthesis of powders with great
homogeneity and nanometric size'®. Obtaining pure phase
materials has not been reported up to now, and the percentage
of superconducting phase has not exceeded 73%. Therefore,
research to increase this percentage is still carrying out'*!¢.

Recent research reported the synthesis of the
Sm_Ba,Cu O, and Nd,Ba,Cu O, materials through the
solid-state reaction method at 950 °C for 60 h, reaching
T, values between 71 and 91 K" RE Ba,CuO, (RE=Y,
Nd, Sm, Gd) materials were obtained at 915 °C for 24 h'¢,
and RE,Ba,CuO (RE = Sm, Eu, Gd, Dy and Ho) at
880 °C for 48 h, exhibited T, values in the range 60-85 K'°.
There are no reports about the synthesis of the Sm358 and
La358 materials using the combustion method. However,
this method been used for the synthesis of superconductor-
type REBa,Cu,0. , (RE =Y, Er, Sm and Nd) at 900 °C for
4h" and LaBa,Cu,0, at 800 °C for 2 h under O, atmosphere,
the previous reports showed that the combustion method
allowed the obtaining of highly homogeneous nanomaterials'.
This research reports the La,Ba,Cu O, -and Sm,Ba,Cu O, .
superconducting materials synthesized by the combustion
method. A comparison between the solid-state reaction and
combustion methods was made, evaluating the magnetic and
structural properties by X-ray diffraction and magnetization
as a function of temperature.

2. Experimental

Sm Ba,CuO, . (Sm358) and La,Ba,CuO . (La358)
samples were produced through the combustion and solid-
state reaction methods. The samples were obtained for the
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first time by the combustion method, from 1.0 M solutions of
La(NO,),, Ba(NO,), and Cu(NO,),, to which citric acid was
added with a ratio of 1:0.5 regard the concentration of the
cations. The resulting solutions were heated at 300 °C until
obtaining a solid carbonaceous, and subsequently calcined
at 870 °C for 2 h to remove the carbonaceous remnants.
Finally, the obtained samples were ground, pressed into
pellets under a pressure of 2.5 MPa and sintered at 870 °C,
for 24 h under an O, flow.

Samples with the same composition were also obtained by
the solid-state reaction method, from stoichiometric amounts
of samarium (IIT) oxide (Sm,0,-99.999%), lanthanum (TIT)
oxide (La,0,-99.999%), copper oxide (II) (Cu0-99.999%)
and barium carbonate (BaCO,- 99.99%). The oxide powders
were ground and decarbonated at 800 °C for 24 h. Afterward,
the obtained powders were ground, pressed into pellets under
a pressure of 2.5 MPa, and sintered at 870 °C, for 24 h and
under O, flow.

The structural characterization was performed by X-ray
diffraction (XRD) in a PANalytical X’Pert PRO-MPD
equipment, using CoKa, radiation (A = 1.7890 A), from
20 to 90° with a step size of 0.013°, the acquisition time of
99.019 seconds and operating at 40 mA and 40 kV. The XRD
patterns were refined by Rietveld method using the GSAS and
PCW software suites**?!. The magnetization measurements
were carried out in a Quantum Design MPMS3 SQUID-VSM
magnetometer, with temperatures from 10 to 200 K, under
an external applied field of 30 and 100 Oe, respectively.

Guerrero et al.

Materials Research

3. Results and Discussion

The XRD patterns of Sm358 and La358 powdered
samples, obtained by solid-state reaction (a) and combustion
method (b) are shown in the Figure 1. The XRD patterns
of the samples were similar, with a slight shift of peaks
towards higher 20 angles (right panel of Figure 1). This is
attributed to the distortion of the unit cell generated by the
difference between the ionic radius of Sm** (1.04 A) and
La** (1.16 A), the main XRD peak shifted from 38,01° 20
(La358) to 38,33° 20 (Sm358) for the samples obtained by the
combustion method, and from 38,00° 26 (La358) to 38,28°
20 (Sm358) for those obtained by the solid-state reaction
method. The difference of the ionic radii also influenced the
crystallite size, which was determined using the Scherrer
equation with a constant value of 0.9. The calculated crystallite
sizes were: Sm358 = 64 nm and La358 = 79 nm for the
combustion method, and Sm358 =44 nm and La358 =93 nm
for the solid-state reaction method.

The refined diffractograms are shown in Figure 2,
where the experimental diffractogram is identified with
the symbol (x), the red line corresponds to the refined
theoretical model, the blue line is the difference between the
theoretical and experimental diffractograms, and the Bragg
positions of the identified phases are shown in bars. It was
possible to identify a main crystal phase corresponding to
RE,Ba,CuO (RE358), with orthorhombic structure and
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space-group Pmm?2 (25). The secondary crystal phases were

Sohd_—state RE358 La358
reaction method RE123
A BaCuO,
A AAA JL A A k Al
2 = & 9
_ =l - = & = Sm358
-] b K — =) ~ ped
—~~ =) = ™ :’ (—} 3 ~
= e sle <A < s - e
© = o= ~ ¥ S
< I o s T
= T T T T T T T T T
2
Q Combustion RE358 La3ss
£ |method RE123 a
A BaCuO,
1 O S SN A — A A
z = _ = ¢
2|z = s g - Sm358
2 ol = ¥ S 9 Q
= Sles o = ~ - 2
& = = ~ ~ =)
,IAM{AMAK ) s
e aE e e e e 37,6 38,0 38,4 38,8
20 30 40 50 60 70 80 90" : ? ?

2 Theta (Degrees)

O

Figure 1. XRD pattern of the Sm,Ba,Cu O, ; and La,Ba,Cu,

panel: magnified XRD patterns in the 20 range 37-39°.
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samples obtained by solid-state reaction and combustion method. Right
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Figure 2. Refined XRD patterns for the Sm,Ba,Cu, O, and La,Ba,Cu O . - obtained by combustion (a, b) and solid-state reaction (c, d).

identified, REBa,Cu,O, , (RE123), reported by other authors
as the non-superconducting phase, with tetragonal structure
of space group P4/mmm (123)"', and BaCuO, with cubic
crystal structure of space- group Im-3m (229).

Synthesis of the La358 superconductor had not been
reported. This can be attributed to that lanthanum is the
rare-earth element with the largest ionic radius, hindering the
stabilization of the La358 structure, which also explains the
presence of more stable secondary phases such as La123 and
BaCuO, in the obtained samples (see Table 1). The XRD peaks
in the 20 range 33 - 36° with the (53 0), (44 2),and (5 3 2)
planes correspond to the BaCuO, crystal phase, generated by
the slow decomposition reaction***. However, La358 sample
was obtained with purities of 50.81% and 85.35% by the
method of combustion and solid-state reaction, respectively.
Besides, the material purity was advantaged by the high
purity and small size of the oxides used in the synthesis.

The atomic positions and occupation factors for
the new La358 material are listed in Table 2. The data
obtained is in accordance with the previously reported
for RE358 systems!''. Figure 3 shows the crystal structure
obtained for the La358 sample, which exhibits the presence
of five CuO, planes and three CuO chains.

The Sm358 sample obtained for the first time by the
combustion method exhibited a purity of 81%, which is
higher than those reported up to now'®. The use of citric acid
as a chelating agent favors the homogeneous mixture of the

precursors, avoiding the segregation processes and reducing
the presence of unwanted crystalline phases.

Figure 4 shows the magnetization as a function of
temperature for the obtained samples, the results confirm
for the first time a superconducting transition in the new
La358 material. T, values were determined from the cut-off
point in the extrapolated lines. The irreversibility temperature
(T,,) was determined as the bifurcation point between the ZFC
and FC curves (see Figure 4d). Below the T , a characteristic
diamagnetic contribution of the Meissner effect in the
superconducting state was observed. Besides, T, increased
by using a higher magnetic field (see Table 3), which is
attributed to T, does not decrease with magnetic fields below
the critical field of the superconductor. The T, values were
lower than T, such as has been reported by other authors*.
The magnetic behavior of the RE123 and BaCuO, materials
has been previously analyzed'®?, demonstrating that these
phases do not affect the superconducting response in the
RE358 system.

The difference in ionic radius of La** and Sm*" modified
the distance between superconducting planes, affecting
the internal charge transfer from the CuO, planes to the
charge reservoirs, which generates a decrease in T, for
the La358 sample (see Table 3)*. La358 superconductor
exhibited larger lattice parameters, which led to a larger
cell volume (see Table 1). The increase in the ¢ parameter
confirms that the distance between the CuO chains is affected
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Table 1. Lattice parameters and calculated orthorhombicity (») of the simples by each method.

Phase
Method Sample 32 Rf (%) Phase proportion a(A) b (A) c(A) V (A3) r
(%)
Sm358 81.18 3.896(2)  3.876(7) 31.106(1)  469.8(2) 0.2509
= Sm358  1.249 0.109
2 Sm123 18.82 3.874(2) 3.874(2) 11.666(4) 175.1(2)
2 La358 50.81 3.918(2)  3.9053) 31.293(8)  478.8(5 0.1674
Lg) La358 1.099 0.248 Lal23 38.64 3.921(5) 3.921(5) 11.730(2) 180.3(7)
BaCu02 10.54 18318(8)  18318(8)  18318(8)  6147.3(6)
= Sm358 65.59 3.895(1)  3.865(8) 31.093(5)  4682(3) 03775
5 Sm3s8 1753 01407 _ Sml23 34.29 3.89409)  3.894(9) 11.717(4)  177.7(5)
2 BaCu02 0.12 2026409 20264(9) 2026409)  8322.8(1)
g La358 8535 3.906(3)  3.913(4) 31374(5)  479.6(1) 0.0908
15 La358 1835 02244  Lal23 0.40 3.0988)  3.098(8) 11.832(4)  113.6(3)
2 BaCuO2 14.25 18300(1)  18.300(7)  18300(1)  6128.4(9)

Table 2. Structural data from Rietveld refinement for the La,Ba,Cu,O,, ; sample.

Atom X y 4 Occ U

La(1) 0.5000 0.5000 1.0000 0.9900 0.025
Cu(l) 0.0000 0.0000 0.0625 1.0000 0.025
O(1) 0.0000 0.5000 0.0625 1.0000 0.025
0(2) 0.5000 0.0000 0.0625 1.0000 0.025
Ba(l) 0.5000 0.5000 0.1250 0.9900 0.025
0(3) 0.0000 0.0000 0.1250 1.0000 0.025
Cu(2) 0.0000 0.0000 0.1875 1.0000 0.025
0(4) 0.0000 0.5000 0.1875 0.9800 0.025
Ba(2) 0.5000 0.5000 0.2500 0.9900 0.025
O(5) 0.0000 0.0000 0.2500 0.9900 0.025
Cu(3) 0.0000 0.0000 0.3125 1.0000 0.025
0O(6) 0.0000 0.5000 0.3125 0.9900 0.025
O(7) 0.5000 0.0000 0.3125 1.0000 0.025
La(2) 0.5000 0.5000 0.3750 1.0000 0.025
Cu(4) 0.0000 0.0000 0.4375 1.0000 0.025
0O(8) 0.0000 0.5000 0.4375 0.9900 0.025
0(9) 0.5000 0.0000 0.4375 1.0000 0.025
La(3) 0.5000 0.5000 0.5000 1.0000 0.025
Cu(5) 0.0000 0.0000 0.5625 1.0000 0.025
0O(10) 0.0000 0.5000 0.5625 1.0000 0.025
O(11) 0.5000 0.0000 0.5625 1.0000 0.025
Ba(3) 0.5000 0.5000 0.6250 0.9900 0.025
0(12) 0.0000 0.0000 0.6250 1.0000 0.025
Cu(6) 0.0000 0.0000 0.6875 1.0000 0.025
0O(13) 0.0000 0.5000 0.6875 1.0000 0.025
Ba(4) 0.5000 0.5000 0.7500 0.9900 0.025
O(14) 0.0000 0.0000 0.7500 1.0000 0.025
Cu(7) 0.0000 0.0000 0.8125 1.0000 0.025
O(15) 0.0000 0.5000 0.8125 1.0000 0.025
Ba(5) 0.5000 0.5000 0.8750 0.9900 0.025
O(16) 0.0000 0.0000 0.8750 0.9900 0.025
O(17) 0.0000 0.5000 0.9375 0.9800 0.025
0O(18) 0.5000 0.0000 0.9375 0.9900 0.025

Cu(8) 0.0000 0.0000 0.9375 1.0000 0.025
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Figure 4. Magnetization as a function of temperature for the Sm,Ba,Cu O, and La,Ba,CuO . samples obtained by (a, b) combustion

and (c, d) solid-state reaction.

Table 3. T and T, for the Sm,Ba,Cu,O; ;and La,Ba,Cu O, samples.
Method H(O¢) Sm,Ba,Cu O, ¢ La,Ba,Cu O, ¢
T, (K) T_(K) T, (K) T_(K)
Solid-state reaction 30 43.30 31.99 39.73 38.03
100 49.08 44.11 40.57 37.98
Combustion 30 56.59 43.15 23.99 14.41
100 58.26 49.88 25.59 17.19
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by the ionic radius (Sm** = 1.04 A and La** = 1.16 A), such
as was previously reported*?’.

Orthorhombicity was determined using the equation,
r=100 (b - a) / (b + a). La358 superconductor shows
a lower orthorhombicity value due to the La*" cations
generate a decrease of oxygen concentration in the O(1)
site, located in the basal plane along axis b'*?, The samples
with greater superconducting phase showed a higher T,
which was influenced by the synthesis method used and
the synthesis conditions. Besides, superconductors of
higher purity than those reported by other authors were
obtained®'>'4,

4. Conclusion

The Sm,Ba,Cu O . ~and La,Ba,Cu O - superconductors
were synthesized for the first time using the combustion
method, using temperature and time lower than those
reported by other authors. The samples obtained by the
solid-state reaction and combustion methods, showed a
main crystal phase corresponding to RE358 superconductor
with an orthorhombic structure of space-group Pmm2 (25)
and crystallite sizes between 44 nm and 93 nm. Magnetic
analyzes allowed determining the T, and T, values under
low applied fields. The results showed that T decreased
with the increase in the ionic radius of the rare-earth, and
increased with the percentage of the superconducting phase.
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