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Abstract

The effect of samarium and lanthanum fluorides (SmF; and LaF;) on the structural and superconducting properties of
Tl, gHg( ,Ba,Ca,_,R,Cu30y 5  F, superconducting phase (T1, Hg)-1223, where R=Sm or La and x=0.00, 0.025, 0.050,
0.075, and 0.10 was investigated. The solid-state reaction method was used to synthesize the superconducting samples. The
phase formation percentages and lattice parameters were calculated using X-ray powder diffraction (XRD). Images taken
with a scanning electron microscope (SEM) show that the presence of both Sm and La increases the grain size and inter-grain
connectivity up to x=0.025. The successful substitution of Sm and La elements in the crystal structure of (T1, Hg)-1223
is confirmed by energy-dispersive X-ray (EDX) analysis. The oxidation states of the elements in the prepared samples are
revealed by X-ray photoelectron spectroscopy (XPS) spectra. I-V and resistivity measurements were used to investigate the
electrical properties of the (T1, Hg)-1223 system with Sm and La substitutions. The superconducting transition temperature
(T,) and transport critical current density (J,) have steadily improved up to x=0.025, above which they dropped significantly.
Furthermore, as temperature increased, the temperature dependence of fluctuation conductivity (Ac), revealed distinct zones.
The zero-temperature coherence length (£.(0)), effective layer thickness of the two-dimensional system (d), interlayer cou-
pling (/), Fermi velocity (vy), and Fermi energy (E;) were determined. £.(0) and d decrease until x= 0.025, then increase as
x increases. All estimated / values show weak coupling between CuO, planes and a transition from three-dimensional (3D)
to two-dimensional (2D) regions.
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1 Introduction

Thallium (T1) and mercury (Hg)-based superconductors
are receiving a lot of attention owing to their remarkable 7,
records of 125 K and 135 K at normal pressure, respectively.
[1, 2]. From a scientific standpoint, these superconducting
oxides are fascinating, having a lot of potential for use in
electrical devices like Josephson junctions and supercon-
ducting transistors [3, 4]. This is due to their high 7, and the
ability to operate and be controlled at 77 K, the temperature
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of liquid nitrogen. Mercury and thallium, on the other hand,
are extremely toxic and unstable at high temperatures [5,
6]. Furthermore, achieving a high-purity superconducting
phase is highly dependent on the precursor and synthesis
conditions [5].

For the improvement of their physical properties, the
partial chemical substitution in high-temperature super-
conductors (HTSCs) is considered an effective tool for
this purpose. The generation of new effective flux pinning
centers enhanced 7, as well as the current density J.. [7,
8]. Many studies have been conducted to investigate the
effect of chemical substitutions at the calcium (Ca)-site on
cuprate superconductors. [9—-12]. Arif et al. [9] investigated
the effect of Ti substitution on (Cug 5Tl s)Ba,(Ca,_Ti,)
Cu;0,4_s (for x=0, 0.25, 0.5 and 0.75) superconduct-
ing samples. The values of T, and cross-over temperature
(T;) were improved, and the superconducting anisotropy
is minimized when Ti atoms with a lower ionic radius
than Ca atoms are added between the CuO, planes. Khan
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et al. [10] studied the partial replacement of Ca>* ions by
magnesium ions (Mg>") and praseodymium ions (Pr’*) in
(Cuy 5 Tl 5)BayCa, M, Cus0,y_5 (M=Pr and Mg). The
results showed that Mg substitution enhanced the inter-
plane coupling, decreased the lattice parameter ¢, improved
J. and T,, and softened the apical oxygen mode. On the
other hand, Pr substitution increased the lattice param-
eter ¢, increased CuO,-plane decoupling, and decreased
T.. Moreover, according to Erbilen et al. [11], a low vana-
dium replacement for Ca sites in T1-2223 superconductor
enhanced 7,. Boudjadja et al. [12] studied how yttrium
doping influences the structural and electrical properties of
Bi,Sr; ¢Cay ;_, Y, Cu,0,, 5 (Bi-2202) cuprate ceramics. The
results provide valuable insights into alterations in resistivity
concerning temperature variations, specifically attributed to
calcium (Ca) substitutions.

Rare-earth element substitutions improved superconduc-
tivity at low replacement content but degraded it as substitu-
tion concentration increased [13, 14]. Several studies have
investigated the impact of rare-earth element substitutions on
different HTSC phases [15-21]. Bakar et al. [15] investigated
the effect of thallium substitutions on the superconducting
phase of (Tl ;M 3)Sr,CaCu,0,, where M =Er, Gd, La, Na,
K, and Rb. Rare-earth substitutions with smaller ionic radii
were found to reduce flux pining and impair inter-granular
coupling more than rare-earth substitutions with larger ionic
radii. Awad et al. [16] studied superconducting materials of
the type T1Ba,Ca, Sc,Cu;045 (0.0 < x < 0.6). They dis-
covered that a low scandium content promoted the forma-
tion of the T1-1223 phase and reduced impurity phases. Sm
substitution in Tl jHg, ,Ba,Ca, ,Sm,Cu;04_g lowered the
phase transition temperature while increasing the inter-grain
critical density until x=0.05 and subsequently it decreased
[17]. In the (Bi, Pb)-2212 phase, samarium (Sm) substitu-
tion enhanced both J, and T, [18]. Furthermore, the normal-
state Hall effect for Tl sHg ,Ba,Ca, ,R,Cu;0y_s.,F,, where
R=Sm and ytterbium (Yb) with 0 < x < 0.15, was studied
by Awad et al. [19]. It was found that the Hall coefficients
Ry, are positive and followed the Curie—Weiss temperature
dependence type. Lower substitution content Pr and La
replacements at Ca sites of (Cu, 5Tl 5)-1223 superconduc-
tor phase improved the volume fraction and enhanced the
T, [20].

Sedky et al. [21] conducted research on the impact of
La-substituted Ca on (Bi, Pb):2212 and (Bi, Pb):2223 super-
conductors, providing valuable insights into the role of La
substitution in improving superconductivity. Their findings
suggest that La substitution in the 2212 series is particularly
well suited for applications requiring increased hardness,
critical fields, and currents. Conversely, the 2223 series
appears more suitable for research purposes, offering higher
transition temperatures (Tc) and the potential to alter plastic
deformation.
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Many researchers studied the effect of fluorine (F) dop-
ing on the properties of HTSCs [22-26]. Hamdan et al.
[22] investigated the impact of fluorine on (Tl sPb 5)
St ¢Ba 4Ca,Cu30,. In comparison to the pure sample, the
addition of fluorine boosted the development of the T1-1223
phase, increased the 7, to 128 K, and increased the critical
current density by the rate of 300%. Anas [23] investigated
the effect of PbF, doping on the electrical and mechani-
cal characteristics of the (Bi,Pb)-2223 superconducting
phase. The results in both electrical and mechanical aspects
showed enhancements in 7,, J,, and Vickers microhardness
H,, with optimal values at x=0.1 doping level. AbuHlaiwa
et al. [24] investigated the impact of PbF, substitution on
the (Cu, 5Tl 5)-1223 phase, where Cu was substituted with
Pb atoms and O was replaced with F in the charge reservoir
layers. 7, was increased to its optimal value for x = 0.06
PbF,, after which a reversal trend was seen. They proposed
that change in 7., is closely connected to the replacement of
Cu by Pb and variation in oxygen concentration owing to F
substitutions. The substitution of oxygen with fluorine has
demonstrated a notable enhancement in the superconducting
properties of (Cuy s, Tl 5.,)-1223 phase doped with (CuF,),
and (TlF)y upto x = 0.2 and y = 0.1[25]. For (Bi,Pb)-2234,
the volume fraction and the flux pinning are well enhanced
with T1F; doping [26].

The partial replacement of Ca2 +ions by Sm** and La**
ions is investigated in this work using rare-earth fluorides
(SmF; and LaF;). A series of superconducting samples of
type Tl, sHg, ,Ba,Ca,_R,Cu30q 5 F, (Where R=Sm and
La) are synthesized in a sealed quartz tube using a solid-
state reaction procedure, with x =0.00, 0.025, 0.050, 0.075,
and 0.10. To examine the physical and electrical properties
of prepared samples, X-ray powder diffraction, scanning
electron microscopy, electron dispersive X-ray, X-ray pho-
toelectron spectroscopy, electrical resistivity, and I-V curves
are used.

2 Experimental techniques
2.1 Samples preparation

Tl gHg( ,Ba,Ca, (R,Cu304 5 F, superconducting samples
were prepared via solid-state reaction techniques, where
R=Sm and La and x = 0.00, 0.025, 0.050, 0.050, 0.075,
and 0.10. Appropriate weights of T1,05, HgO, BaO,, CaO,
CuO, SmF;, and LaF; (Sigma-Aldrich with purity greater
than 99%) were measured using a sensitive balance and in
proportion to their molecular weights. Additional amounts
of 10% T1,05 and HgO were introduced to account for the
losses of thallium and mercury experienced during the heat-
ing process [27].
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To achieve a consistently fine mixture, the powders were
mixed and ground by using an agate mortar for approxi-
mately 30 min. Subsequently, the fine powder was carefully
sifted through a 60 pm sieve, ensuring a uniformly fine mix-
ture. The mixture was pelletized using a hydraulic press at a
pressure of 10 tons/cm? and carefully covered in silver foil
to reduce thallium and mercury from evaporating throughout
the heating process. The samples were carefully heated in a
quartz tube within a box furnace. The heating process fol-
lowed precise rates: 4 K/min until reaching 993 K, then 2 K/
min until hitting 1133 K. Once at 1133 K, the samples were
maintained at this temperature for 5 h, then were cooled
down to room temperature at a rate of 2 K/min.

2.2 Samples characterization

The structure and phase characteristics were determined
using the X-ray powder diffraction method on a Bruker D8
focus diffractometer with CuK, radiation (A=1.5406 A)
at 15° <26 < 80°. Scanning electron microscope (SEM)
micrographs were taken with an AIS 2100C microscope at
20 kV and a resolution of 5 m. The chemical composition of
the samples was determined using energy-dispersive X-ray
analysis (EDX) with a detector-type SDD Apollo X acceler-
ated at 20 kV. The X-ray photoelectron spectroscopy (XPS)
investigation was carried out on the surface of the samples
using a KRATOS X SAM 800 spectrometer to obtain impor-
tant quantitative and chemical condition data. The standard
four-probe technique was used to measure resistivity curves,
and liquid nitrogen was used to reduce the temperature from
269 to 77 K. Using I-V curves at liquid nitrogen temperature
(77 K), the critical current density J,. was calculated.

3 Results and discussion
3.1 X-ray powder diffraction (XRD)

X-ray powder diffraction patterns for
Tl, sHg( ,Ba,Ca, (R, Cu304 5 F,, where R=Sm and La
x =0.00, 0.025, 0.050, 0.075,and 0.10 are shown in Figs. 1a,
b. By referring to the ICDD entry of the T1-1223 super-
conducting phase (ICDD card #44-0476), in both sub-
stitutions, the majority of peaks belong to the tetragonal
structure of (T1, Hg)-1223 phase with a space group P4/
mmm [18, 25]. Moreover, low-intensity minor peaks
were assigned to the existence of secondary impurity
phases, such as (Tl, Hg)-1212 phase, BaHgO,, BaCuO,,
and CaHgO, usually formed in the single-step solid-state
reaction [29]. Impurities such as BaCuO, have decompo-
sition temperatures of more than 1100 °C and cannot be
removed from superconducting samples unless the mate-
rial is heated above this temperature [30]. It’s important
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Fig. 1 XRD patterns for Tl gHg, ,Ba,Ca, (R,Cu;04_s_.F, supercon-
ducting phase for (a) R=Sm and (b) R=La

to note that both the Sm and La replacements retain the
tetragonal structure since they do not affect Bragg’s diffrac-
tion peak positions. This is demonstrated by the similar-
ity of the X-ray pattern and the execution of the Rietveld
refinement for all the produced specimens using the MAUD
software as shown in Fig. 2a—c of Tl (Hg ,Ba,Ca,Cu;0q 5,
Tly sHgo,BayCay gSmy ;Cusz09 .5 Fy, and
Tl sHg( ,Ba,Ca, gLa, ;Cu3045. F,, respectively [31]. The
results of the refinement analysis showed that the measured
and calculated patterns had a satisfyingly great match in
peak fitting. Their refinement parameters were used as the
numerical criteria for fitting, such as the profile residual reli-
ability factor (R,), weighted profile residual factor (R,,,),
expected weighted profile factor (R,,,,), and goodness of fit
parameters (Xz), the values of which are listed in Table 1.
Using the Rietveld refinement, the relative volume frac-
tions of (T1, Hg)-1223, (T1, Hg)-1212, BaHgO,, BaCuO,,
and CaHgO, were determined and listed in Table 1. The
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Fig.2 Rietveld refinements of the XRD spectra of (a) Tl;cHg,Ba,Ca,Cuz09_5, (b) TlygHgy,Ba,Cay ¢Smy Cus0g_s_Fy, and (c)
Ty sHgo ,Ba,Ca, gLa, ;Cuz04_s_Fy
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Table 1 Variation of volume fractions, structural and refinement parameters for Tl)gHg,,Ba,Ca, R Cu;0q5 F, samples with

x = 0.00,0.025,0.050,0.075, and0.10 for R=Sm and La

X Volume fraction % Unit cell param- Refinement Parameters
eters
(TI, Hg-1223 (Tl Hg)-1212  CaHgO, BaHgO, BaCuO, a(A) c(A) 2 R, R, R,
0.000 75.95 3.98 0.37 1.35 18.32 3.843 15.85 1.09 2.66 2.44 0.019
Sm Substitution
0.025 90.93 1.15 1.49 1.33 5.08 3.843 15.84 1.37 291 2.12 0.029
0.050 91.10 0.79 0.91 0.85 5.58 3.844 15.83 1.42 2.88 2.02 0.027
0.075 90.48 0.81 0.99 0.95 8.92 3.845 15.82 1.51 2.82 1.87 0.023
0.100 90.71 0.83 1.06 1.7 9.30 3.846 15.80 1.48 3.01 2.03 0.025
La Substitution
0.025 92.37 1.49 1.36 1.35 3.45 3.846 15.84 1.24 2.65 2.13 0.020
0.050 86.17 4.31 241 1.69 5.41 3.848 15.83 1.18 2.64 2.23 0.028
0.075 84.20 1.36 242 1.15 1.19 3.851 15.79 1.03 2.71 2.61 0.025
0.100 83.61 0.55 1.97 2.58 5.99 3.852 15.78 1.07 2.75 2.57 0.026

(T1, Hg)-1223 volume fractions of the substituted samples
were found to be greater than those of the pure sample in
both substitutions. In Sm substitution, the main phase’s vol-
ume fraction percentage gradually increases from 75.95%
t0 91.10%, indicating a 19.95% increase as x increases from
0.00 to 0.05. Similarly, in the case of La substitution, the
volume fraction of the main phase increases to 92.37%, with
arate of 21.62% as x increases to 0.025. This suggests that
LaF; replacement has a greater impact on the formation of
the (T1, Hg)-1223 superconductor phase than SmF;. The
electronic configuration and valence state of the substituting
ion can affect the phase formation process. Sm3* and La3*
possess dissimilar electronic structures, and this divergence
in electronic behavior can impact the bonding interactions
within the crystal lattice, potentially resulting in a higher
tendency for phase formation. Additionally, several peaks
showed an increase in intensity with Sm substitution; this
may be explained by the possibility that the substitution of
Sm** ions may encourage improved crystal lattice order-
ing in the superconductor [32]. More constructive interfer-
ence between X-rays and crystal planes can be produced by
improved ordering, increasing the strength of some diffrac-
tion peaks in the XRD spectrum. As the Sm and La contents
increase, the lattice parameter a elongates. This elongation is
most likely caused by electron addition into the antibonding
orbital caused by partial substitution of Ca** ions by Sm>*
and La** ions [17]. Moreover, with increasing Sm and La
concentrations, the elongation rate of a is predicted to be
(da/dx) = 0.03 and 0.09, respectively. The elongation with La
substitution is clearly higher than that with Sm replacement.
This may be attributed to variations in ionic size, chemi-
cal interactions, electronic configuration, local effects, and
crystal symmetry between these two ions. In contrast, when
Sm and La content increases, ¢ decreases. This decrease is

thought to be caused by the fact that the ionic radii of Sm>*
(0.96 A) and La®* (1.03 A) are less than those of Ca*? ions
(1.12 A) [30, 31]. The contraction rate of ¢ is estimated to be
(dc/dx) = —0.48 and —0.76 as Sm and La contents increase,
respectively. The higher ionic radius of La** may cause a
bigger deformation of the crystal lattice when La** is sub-
stituted for Ca®* than Sm** substitution in the superconduc-
tor lattice. The lattice parameter ¢ may fall more noticeably
because of this bigger distortion. Additionally, an increase
in fluorine might be the cause of the decrease in the lattice
parameter c. This is caused by two potential factors: first,
fluorine has a little smaller ionic radius (1.47 10%) than oxygen
(1.52 A), and second, fluorine has a higher electronegativity
(3.98) than oxygen (3.44) [23].

3.2 Size, surface morphology, and elemental
compositions

Figures 3 and 4 show the respective SEM micro-
graphs of TIl,;¢Hg,,Ba,Ca, R,Cu304_5 F, and
Tl, sHg, ,Ba,Ca, La, Cu;04_s, with x = 0.00,0.025, 0.050,
0.075, and 0.10. The presence of rectangular plates in the
morphologies indicates the formation of the (T, Hg)-1223
phase [16, 33]. Additionally, the irregular shapes found
inside the grains are related to non-superconducting phases
and impurity phases like (T1, Hg)-1212, as depicted in XRD
results. It is worth noting that the rectangular shape remains
consistent as substitution content increases. The low sub-
stitution of Sm and La with x=0.025, on the other hand,
promotes the growth of the (T1, Hg)-1223 plates, improves
their alignments, and reduces porosity among the supercon-
ducting grains. As the substitution contents of Sm and La
increase, the number of irregular shapes and porosity also
increases, as evident in Figs. 3 and 4c—e. Similar results
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(b) x = 0.025

(e) x = 0.100

Fig.3 SEM micrographs of Tl,gHg,,Ba,Ca, Sm,Cu;0y_s. F, with (a) x=10.000, (b) x=0.025, (¢) x=10.050, (d) x=0.075, and (e)

x =0.100

were observed in La>*, Pr’*, and Sc** doped phases at the
Ca site in T1-1223 and (Cu, 5T, 5)-1223 phases [15, 28]. As
a result, low Sm and La substitution contents enhance the
rate formation the of (T1, Hg)-1223 superconductor phase.
To confirm the existence of the
Tl, sHg, ,Ba,Ca, (\R,Cu309. 5. F, phase, where R=Sm
and La, a certain number of grains are randomly exam-
ined by EDX. EDX spectra for Tl, ¢Hg, ,Ba,Ca,Cu;04_s,

@ Springer

Tly sHgo,Ba,Cay gSmy ;Cu;04 5 Fy, and
Tl sHg( ,Ba,Ca, yLaj ;Cu30q 5 F, grains in two distinct
regions are shown in Figs. 5a, b, c, respectively. The cor-
responding atomic percentages of the elements present in
these grains are listed in Table 2.

The EDX spectra for all samples demonstrated that
the positions of the T1, Hg, Ba, Ca, O, and Cu peaks stay
unchanged, whereas the peak for Sm and La appeared when
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(c) x=0.075

(d) x = 0.100

Fig.4 SEM micrographs of Tl, gHg, ,Ba,Ca, ,La,Cu304_s_,F, with (a) x = 0.025, (b) x = 0.050, (¢) x = 0.075, and (d) x = 0.100

Sm>* and La®* ions are substituted in the position of Ca®*
ions, and the peak for F occurred when substituted for O.
Moreover, the positions and intensities of the peaks exhibit
consistency across the two regions, indicating the high
homogeneity in the examined samples. These results sug-
gest that Sm and La are effectively substituted in the (TI,
Hg)-1223 microstructure. Furthermore, the atomic percent-
ages of Ca, Sm, La, O, and F in both replacements are shown
in Figs. 6 and 7. The results clearly illustrate that when x
increases, the replacement of Ca and O is done with (Sm,
La) and F, respectively. A decrease in calcium and oxygen
atomic percentages is observed along with a rise in Sm, La,
and F atomic percentages.

3.3 X-ray photoelectron spectroscopy (XPS)

To validate the XRD findings and identify the oxidation states
of various elements in Tl, ¢Hg, ,Ba,Ca, ,Sm,Cu;0y5 F,
and TIl, ¢Hg,,Ba,Ca, La,Cu;04,4 F,, with
x = 0.00,0.025,0.050, 0.075, and 0.10, XPS analysis was
performed. Figure 8a, b shows the survey spectra for both
substitutions. The pure sample's survey spectrum (x = 0.00)
revealed the presence of thallium (T1), Mercury (Hg) barium

(Ba), calcium (Ca), copper (Cu), oxygen (O), and traces of
carbon(C), due to the sample's contact with outside air before
the XPS analysis [37]. The presence of Lanthanum (La) and
Samarium (Sm), in addition to the main elements, is observ-
able in the survey spectra of the substituted samples.
Studies on oxide superconductor interfaces have focused
heavily on the impact of metal atoms on Cu—O bonds [38].
Figure 9a, b depicts the oxidation state of Cu for all samples,
which reveals the existence of copper (Cu2p). In both sub-
stitutions, the primary peak at 934 eV and the satellite peak
at 942.5 eV is Cu2p;,,, whereas the following two peaks
are Cu2p,,, [39]. Moreover, in Fig. 12a, the peak positions
of Cu2ps;, and Cu2p,,, in the (T1, Hg)-1223 superconduct-
ing phase are depicted as a function of Sm and La contents
x. The observed shifts in these peaks with increasing dop-
ing levels provide crucial insights into the alterations in
the chemical environment and electronic structure of cop-
per within the (T1, Hg)-1223 lattice. The satellite peaks are
caused by the "shake-up" process, which happens when
excess electrons are stimulated to higher energy levels [40].
The Cu-O spectra published previously [38] were obviously
compatible with the Cu2p;,, and Cu2p,,, peaks, which are
separated by roughly 20 eV. According to XPS investigation,
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Fig.5 EDX spectra of (a) Tl, sHg, ,Ba,Ca,Cu;0,_s, (b) Tl, gHg,,Ba,Ca,

the majority of conduction in Cu—O occurs through the hop-
ping of holes between Cu** and Cu**, which causes the for-
mation of grain boundaries [29].

Figure 10a, b shows high-resolution XPS spectra of Ca 2p
for all superconducting samples, as well as the correspond-
ing deconvoluted spectra. Ca has a relatively stable 2 + oxi-
dation state, where the 2p,,, and 2ps;, doublets have a bind-
ing energy gap of 3.66 eV [41]. However, the replacement
of Sm and La in the samples affects the oxidation states of
calcium and the shift in the binding energy, as illustrated in
Fig. 12b.
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Figure 1la displays the Sm 3d XPS spectra of
Tly sHg( ,Ba,Ca, ,Sm,Cu;0q 5 Fy (x = 0.025,0.050, 0.075,
and 0.100). Sm3ds,, and Sm3d;;,, with binding energies
of 1083 eV and 1109.2 eV, respectively, are represented
by the two major peaks [42]. These results confirm that
Sm ions were present in the Sm substituted samples
as Sm>* [43]. Figure 11b shows the La 3d spectra of
T, sHg, ,Ba,Ca, La,Cu304 5 F, (x = 0.025,0.050,0.075,
and 0.100) with two distinct peaks at 836.7 and 848.4 eV.
The peak at 836 is attributed to La 3ds,,, while the peak
at 848 is attributed to La 3d5,, [44]. All of the La replaced
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Table 2 The atomic
percentage of the elemental
composition analysis by EDX of x=0.00 x = 0.10(Sm Substitution) x = 0.10(La Substitution)
T10_8Hg0_2BaZCaz,XRXCu309,5,yFy
superconducting phase

Atomic %

First Region  Second Region  First Region  Second Region  First Region  Second Region

(¢} 54.02 53.28 48.87 48.38 46.67 47.50
F 4.56 4.77 4.50 4.10
Ca 1393 13.91 11.51 9.42 12.24 12.80
Cu 1646 16.80 17.20 18.31 18.30 17.99
Ba 1029 10.31 11.40 12.70 11.60 11.41
R 0.80 0.79 0.57 0.53
Hg 0.90 1.10 0.98 1.10 1.20 1.00
Tl 4.40 4.60 4.68 4.53 4.92 4.67
16 0.9
[CIca (5m)EZ Ca (La) I Sm (sm) 27 La (La)] 600000 @ X=0100
14 4 — — 0.8 x=0.075
——x=0.050
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Fig.6 The variation of atomic percentage with x of Ca, Sm, and La 600000 x=0.075
for Tl sHg,,Ba,Ca, R,Cu30q 5. F, superconducting phase, where . 8%2

K Ba —
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R=Smand La 500000 e LU La o X
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i L1 Fig.8 XPS spectra of the Tl sHg,,Ba,Ca, R, Cu30q 5., F, supercon-
ductor phase for x = 0.00, 0.025,0.05,0.075, and 0.10 for (a) R=Sm
and (b) R=La
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X samples' findings corroborate the occurrence of La in

Fio.7 Th ion of atomi ) i x of O and F the La* state [45]. Notably, Figs. 12¢, d further reveal

. t . . .

Tllg H o vanation 0f dtomie percentage Wikl X o1 2 4l " the shifts between the two main peaks in the Sm and La
0.8Hg0,Ba,Cay \R,Cu309 5 F,  superconducting phase, where o o T i .

R=Sm and La spectra, providing additional insights into the alterations
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induced by these dopants in the (T1, Hg)-1223 supercon- 3.4 Electrical resistivity measurements

ducting phase. Moreover, the weak-photoemission cross

section at the excitation energy employed results in noisy =~ The temperature-dependent of resistivity measurements
La 3d XPS spectra [46]. for T, gHg( ,Ba,Ca, \R,Cu30q 5 F, phase, where R=Sm
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Fig. 12 Variation in the main peaks' binding energies with dopant content x in (T1, Hg)-1223 superconducting phase of: (a) Cu2p, (b) Ca2p, (c)

Sm3d, and (d) La3d

and La with x =0.00,0.025,0.050, 0.075, and 0.10 are
shown in Figs. 13a, b, respectively. The measurements
were conducted over a temperature range from room tem-
perature down to zero-resistivity temperature T}. Accord-
ing to the figures, from the room temperature down to the
pseudogap temperature 7*, which is the point at which
((p(T)- py)/aT) deviates from 1, all the samples showed
metallic variation, which was followed by the super-
conducting transition at lower temperatures. Below T*,
the resistivity curve increasingly departed from linear
behavior, followed by notable rounding, which appears
to be driven by conductivity variations corresponding
to the pseudo gap opening [47]. When the temperature
falls below T*, a few electron pairs form. These electron
pairs do not have the long-range coherence required for
superconductivity. As the temperature drops, the number
of generated electron pairs increases until it approaches
T, at which point all conducting electrons are paired and
behave in a correlated manner [31]. Once T, is attained,
the resistivity curves rapidly decrease until the T, is
reached. T, is estimated from the first-order derivative
peak (dp(T)/dT), as shown in the inset of Figs. 13 (a and
b) and T, is the temperature at zero electrical resistivity.
The values of T, T, and T* are tabulated in Table 3.
All of the samples exhibit practically a single peak at

T., confirming a transition within the superconducting
grains [48]. According to Table 3 and Figs. 13a, b, 7.
increases from 105.4 K to 112.0 K at a rate of 6.26% for
Sm substitutions and 116.4 K at a rate of 10.72% for La
substitutions as x changes from 0.00 to 0.025, then 7,
falls as x increases further. Subsequently, 7, decreases
to 99.9 K at a decreasing rate of 10.80% for Sm substitu-
tion and to 105.7 K at a decreasing rate of 9.85% for La
substitution as x is further increased to x = 0.1. Addition-
ally, T,) exhibits the same behavior as T, with Sm and La
content. As a result, substituting Sm and La at the optimal
content (x = 0.025) enhances the superconducting transi-
tion temperature of the (T1, Hg)-1223 phase. The increase
in T, and T, up to x = 0.025 in both replacements might be
attributed to the decrease in weak connections between
grains, as revealed by SEM micrographs [49]. Moreover,
substituting La>* is notably more effective in increasing
T.. This enhancement can be attributed to a higher volume
fraction, as well as favorable ionic sizes and electronic
structures, which are evident in XRD analysis. These
combined factors foster an environment that facilitates
more efficient formation of Cooper pairs, consequently
resulting in the improved enhancement of 7. Further-
more, the increase in 7, might be attributable to the reduc-
tion of the oxygen content caused by the substitution of
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Fig. 13 Variation of electrical resistivity as a function of temperature
for Tl gHg, ,Ba,Ca, (R, Cu30q.5 (Fy, 0.00 < x < 0.10, superconduct-
ing samples: (a) R=Sm and (b) R=La

O by F at x = 0.025 as shown by EDX, which turns the
samples from over-doped to optimally doped [23]. On the
other hand, the gradual decrease in 7, for x > 0.025 can
be due to oxygen vacancy disorder and mobile carrier
trapping [50]. Furthermore, the switch from optimally
doped samples to under-doped samples may be the cause
of the suppression in 7, for x> 0.025 [51]. There was
no discernible trend for the values of T* as Sm and La
contents increased, as shown in Figs. 14a—c and Table 3.
The findings demonstrated that for Sm and La replace-
ment, respectively, x = 0.050 and x = 0.025 were related
to the largest T*.

The normal-state resistivity p,(T) above T" is described
by the Matthiessen rule [42].

Pu(T) = aT + py, M

where a represents the resistivity temperature coefficient and
po stands for the residual resistivity. The values of the fitting
parameters for p,, @, the room-temperature resistivity p,,,.»
and the superconducting transition width (AT=T,—T,) for
all samples, were determined and listed in Table 3. p, repre-
sents the defect density and homogeneity of the samples and
is temperature independent. However, a is a temperature-
dependent intrinsic parameter that exhibits a small change
with x due to the influence of CuO, planes on charge carri-
ers [52]. p,,,, decreased up to x = 0.050 for Sm substituted
samples and up to x = 0.075 for La-substituted samples then
increased. This drop is ascribed to the Sm and La replace-
ments, which reduce grain boundary resistance and improve
inter-grain connectivity [24]. While an increase in p,,,,,
results from an increase in the number of scattering centers
and diminishes inter-granular coupling [49]. The non-substi-
tuted sample had the smallest AT (2.85 K) and ranged from
6 to 11 K for all substituted samples. This might be because

Table 3 Variation of @, Ty, T,, AT, p,, and p,, for Tl, sHg, ,Ba,Ca, ,R,Cu;04_5 F,, 0.00 < x < 0.10, superconducting samples, where R=Sm and

La

X a (mQ.cm/K) Ty(K) T.(K) T*K) AT(K) Po(L.cm) Pa(L.cm)
0.000 2.73 102.6 105.4 161.9 2.85 —0.071 0.736
Sm Substitution

0.025 2.16 103.4 112.0 212.5 8.60 0.029 0.679
0.050 1.78 100.3 110.5 218.2 10.15 0.033 0.563
0.075 1.23 99.3 105.3 216.5 6.00 0.148 0.514
0.100 1.74 91.3 99.9 207.0 8.70 0.264 0.781
La Substitution

0.025 2.25 105.8 116.7 208.3 10.90 0.096 0.706
0.050 1.04 102.1 109.5 157.2 7.40 0.050 0.360
0.075 3.16 99.3 106.5 175.1 7.20 0.086 1.016
0.100 2.45 97.0 105.2 184.9 7.80 0.170 0.893
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increasing the substitution content within the material can
increase inhomogeneity or phase separation [53]. Different
superconducting qualities can be found in different locations

with varied local compositions or doping levels, resulting in
a wider transition width.

3.5 Excess conductivity analysis

Fluctuation-induced conductivity analysis of conductivity
data of Tl, sHg,, ,Ba,Ca, \R,Cu;0q 5 F,, where R=Sm and
La, were performed to explore the influence of substituted
Sm and La-atoms on inherent superconducting characteris-
tics. The small curvature found in electrical resistivity meas-
urements for all samples above 7, known as excess conduc-
tivity, was explained using thermodynamic fluctuations in
the superconducting order parameter. The superconducting
fluctuations are caused by two major mechanisms. The direct
process, initially postulated by Aslamazov and Larkin (AL),
is caused by the acceleration of superconducting pairs with
finite lifetimes generated in thermal non-equilibrium [54].
The scattering of normal-state quasiparticles by supercon-
ducting pairs results in another indirect mechanism which is
elucidated by Maki and Thompson (MT) [55].
The excess conductivity Ac is defined by [56]:

1 1

Ao = 06,,(T) = 0,(T) = -
o =on=olD) = o o) @

where p,, (T) is the measured resistivity and p,, (T) is the
normal-state resistivity.

In the mean-field region (MFR), where the variations are
Ao

minor, the normalized excess conductivity was esti-
mated using AL:
Ao
= Cr,, (3)
0-7'00771
T-T, . . -
where t =  is a reduced temperature, and z is a critical

exponent. Its pvalue differentiates between critical (cr), three-
dimensional (3D), two-dimensional (2D), and short-wave
(sw) fluctuation regions, and it is given by [57-59]:

—0.3 For (cr) fluctuations,
_ ) —=0.5 For (3D) fluctuations, 4
=Y -1.0 For (2D) fluctuations, @)

—3.0 For (sw) fluctuations.

Figures 15 and 16a—e illustrate the normalized excess
conductivity as a function of reduced temperature ¢ for
Tl sHg( ,Ba,Ca, (R Cu30q 5 F,, where R=Sm and La,
respectively, with 0.00 < x <0.10. Each figure clearly
depicted four separate zones. The plots are linearly fitted to
compare the experimental data to theoretical predictions.
The values for the conductivity exponent z are obtained
from the slopes and presented in Table 4. In the first region,
the normalized excess conductivity falls sharply with z, ~
- 3 in the first zone. This drop is caused by a change in

@ Springer



129 Page 16 of 21

R. F. Khattar et al.

In(t) In(t)
-6 -5 -4 -3 -2 -1 0 6 -5 -4 -3 2 -1 0
1 " 1 " 1 " 1 " 1 1 L 1 1 1
g 3D region L5 -1
Crregion ..
P Tl -
Cr-3D, RN : -
T =106.7 K ~ Cr region - -
LN - 0
u F0 ] = 3Dregion f i o
e g e, 5
3D-2D_ [ Cr-3D, L] -1 8
T =107.05K - = =
2D region u b v 143K Ty b
=, © 2D region \5\. o}
e L 2| & - g
-i.. £ T30-2D_ 1203 ‘\ -2 £
/‘ﬁ / "
D-Sw_ =i
225 1619k - 4 T20-SW_ 460 8 k . .
A) A
Sw region = Sw region ‘i
B '}
(a)x=10.00 ? . (b) x =0.025
In(t) In(t)
-6 5 -4 3 2 1 0 -4 -3 2 -1 0
1 1 1 1 1 1 1 1 1 1
s S ~._ -0
Crregion £ ~~S3~m. Lo Cr region L
e - ~m
§~ -~
=, N "y -1
. . n )
3D region “tm . L™ P
70302 110,20 K .. 1 _ | 1or%0.490k 3D region o :
. £ £
s, g !QI 1% b
3D-2D 2D regi ’ -2 8 73020 44925 = 3
P20 1195k region © 25K 2Dregion . 3
2 . £
\ = .- 3
‘I --3 “ -
S izsk R 70 16865 K wf
» Sw region ¥
n M4
Swregion v - -4 N
L
]
(b) x =0.050 (c) x =0.075
5 5
In(t)
4 -3 2 A 0
L 1 1 1
Cr region
stem L0
it S,
3D region ey i
7Cr-3D-g9 9k T
o
Q
©
302D -2 ©
=1133K 2Dreglon l. <
L <
\ =
]
/ ‘! --3
Ay
T2D-SW_ 146 75K *
Sw region gy
\ -4
[
(e) x=0.100
-5

Fig. 15 The variation of the normalized excess conductivity Aoc/c,

room

Tl, sHgy ,Ba,Ca, ,Sm,Cu;0y 5 F, with (a) x = 0.00, (b) x = 0.025, (¢) x = 0.050, (d) x = 0.075, and (e) x = 0.100

@ Springer

with the reduced temperature t in the [n—In plot for



Physical properties of the (Tl, Hg)-1223 superconductor phase substituted by lanthanum and... Page 17 of 21 129
In(t) In(t)
-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0
L 1 1 1 1 1 1 1 1
Ly 3D region L5 .-
Cr region kY N
- Cr region .!..‘!- -0
[N ~B
76302 106.7 K . / ey
- . Se.
- Lo | 3D region  ® -~
. g 10302 1192k e . L g
3D-2D ™ S =119, ™ s
1020 107.05k ) . & / Sy s
2D region ~ = 3D-2D ® ©
CN o 790-20_ 430 My Lo ©
= < 2D region <
"y L 2| 2 . 2
£ £
i.. / “
/\ 7208 453 1k -
Sw region 'y
2D-Sw_ 'y '
T 161.9 K ™ 4
Sw region - -4
(a)x=0.00 ﬁ (b) x = 0.025
6
- In(t
In(t) ®)
6 5 -4 3 -2 1 0 -6 -5 -4 -3 -2 -1 0
N Il . 1 N 1 Il . 1 N L n L L L L 1 L 1
Seeilm
- ) L
..;:r.r;]s 3D region Cr region ps 0
. L
- ~
7630 1ﬁ<)) N ° 19302 107.5k on W84
: / 'R : 3D region =,
3
® 3D-2D .
13020 41425k l.\ “E T 20 ’egbn.\ ’E
. S I L2 @
2D region "'b. o / | 7 )
-2 g 72D-8W_ 127 35K » 3
/" £ \- E
- Sw region
7208 1411 ‘
Sw region - -4
- -4
(c) x=0.050 (d) x =0.075
-6
In(t)
-7 -6 -5 -4 -3 -2 -1 0
1 1 1 1 1 1 3
-2
. - -
Cr region - 1
/ o
cr-3D .
T-P= 1082 3Dregion M. L0
'\ ~~
/ g
73020_ 1185k 2D regi --1 be
) \%
c
7208, 1443 /sﬁ:g io‘r?.’ L3
A}
-! L4
-5
(e)x=0.100
-6

Fig. 16 The variation of the normalized excess conductivity Aoc/c,

room

Tl, sHgo ,Ba,Ca, ,La,Cus0y . F, with (a) x = 0.00, (b) x = 0.025, (¢) x = 0.050, (d) x = 0.075, and (e) x = 0.100.

with the reduced temperature t in the [n—In plot for
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Table 4 The variation of conductivity exponents with the substitution content for Tl, sHg,,Ba,Ca, ,RCu;04 5 F,, where R=Sm and La for

0.00<x<0.10
x Z (sw) Z (3D) Z(2D) Z (cr) £.0)(A) d(A) I1x1072 v x10* E¢(eV)
(m/s)
0.00 —-3.34 -0.49 -1.19 - 0.31 4.25 57.02 0.5 3.22 0.030
Sm substitution
0.025 —-3.23 -0.53 -1.13 —0.30 4.00 23.60 2.8 3.23 0.031
0.050 —3.08 —0.51 -1.15 —0.33 4.50 33.33 1.8 3.58 0.037
0.075 —3.11 - 0.54 -1.28 -0.35 5.11 35.90 2.0 3.87 0.044
0.100 -3.35 —0.51 -1.21 —-0.34 591 48.00 1.5 4.25 0.053
La substitution
0.025 —-3.38 —0.56 - 1.08 —0.30 4.16 30.39 1.8 3.50 0.035
0.050 -3.25 —-0.53 -1.20 —0.30 5.75 57.85 1.0 4.54 0.060
0.075 -3.13 - 0.55 - 1.15 -0.33 6.50 61.00 1.1 4.97 0.072
0.100 —3.06 —-0.52 -1.10 -0.31 8.25 63.33 1.7 6.25 0.115
normal resistivity, and therefore a change in oxygen con- and
tent, which is linked to a change in the band structure and 5
o . . e
hence the position of the Fermi level [60]. By decreas-  C,, = Terde (6)

ing the temperature, at a temperature TP ~SW a cross-over

between short-wave fluctuations and the mean-field region
is observed. The mean-field region is characterized by two
distinct sections. In the first part, at temperatures exceeding
T3P=2D  the range of conductivity exponent values is from
-1.10 to -1.28, indicating the existence of 2D fluctuations.
The conductivity exponent values vary from -0.49 to 0.56
at lower temperatures than 7°°=??, showing the presence of
3D fluctuations. The cross-over temperatures 7°°~22 were
computed from the intersection of the two linear parts as
shown in Figs. 15 and 16. In both replacements, 7°°-2P
has the largest value for x = 0.025 and then shifts to lower
values as x increases. 7°?~2P is a critical parameter sensitive
to the electronic structure in the normal state and may be
severely impacted by high Sm and La content [51].

In the (2D) region, the charge carriers move along
the molecular planes within the material. Conversely, in
the (3D) area, they move across the planes and are more
susceptible to thermal variations. As a result, before the
creation of Cooper pairs, charge carriers tended to move
more freely in the entire sample. Finally, at T3P 4 tran-
sition between three-dimensional and critical fluctuation
occurred. The conductivity exponent values at the critical
zone range from -0.30 to -0.31. These values align with the
expectations of the 3D-xy universality class, characterized
by dynamics provided by the representative E-model [61].

Finally, C is the temperature-independent amplitude,
which is given in 3D and 2D by [52, 62, 63]:

&2

Cip = W’ ®)

room
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where &,(0) is the zero-temperature coherence length along
the c-axis, and d is the effective layer thickness of the 2D
system. The interlayer coupling (1), Fermi velocity (v,), and
Fermi energy (Ej) of the carriers are estimated from the fol-
lowing relations [25]:

_[eo]?
= [7] * @
3.5 0)k,T
v = 77"552(71) B c’ ®)
and
Ep= o'y ©)

where kj is Boltzmann’s constant, m* is the effective mass
of carriers (For Hg-1223 m* =10 m,), and m, is the carrier-
free mass. The values of £.(0), d, I, Ve, and Ef are com-
puted and given in Table 4. The zero-temperature coher-
ence length along the c-axis clearly rises with substitution
content, and the value of the unsubstituted sample is greater
than that found by Han et al. [64] in the (Hg, T1)-1223 phase
(1.24-1.3 /DX). These findings can be explained by the basic
grain model. Because ceramic samples are made up of par-
ticles with holes, microcracks, and stacking defaults, their
transport behavior is complicated. This signifies that the
inter-grain connections connect the distinct particles. Pas-
sos et al. [65] obtained similar findings in (Hg, Re)-1223.
Furthermore, as shown in Table 4, the values of d and £.(0)
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decrease up to x=0.025 and subsequently increase when Sm
and La content increases further. This outcome is related
to an increase in core density and connection interlinking
between grains, as shown in SEM micrographs [56]. Fur-
thermore, the rise in £.(0) along the c-axis implies that the
unsubstituted sample resides in the over-doped region. It
converts to the optimum-doped region at x=0.025 and sub-
sequently shifts to the under-doped region as the substitu-
tion contents increase [25]. Compared to the pure sample,
samples with a smaller coherence length along the c-axis
and a greater effective layer thickness exhibited an enhance-
ment in interplanar coupling. All of the 7 values for the pro-
duced samples are less than 1, indicating that there is a weak
connection between CuO, planes and that the cross-over
between 3 and 2D areas occurs [66]. For all prepared sam-
ples, the computed Fermi-velocities are smaller than that of
the free electron (v, = 10° m/s). The unsubstituted sample's

Fermi velocity (0.845 x 10°) is smaller than that obtained
from magneto-conductivity analysis in the (Hg, T1)-1223
phase [67]. The rise in Fermi energy with increasing substi-
tution content is most likely owing to a change in the effec-
tive mass of carriers, demonstrating that the band structure
of (T1, Hg)-1223 is severely impacted by rare-earth [66].

3.6 |-V results

J. measurements at a low temperature (77 K) are used to
evaluate the capacity of the produced superconducting sam-
ples to hold current. Figure 17a, b depicts the E—J curves of
Tly sHgy,Ba,Ca, (R Cu304 5. Fy with x = 0.00, 0.025, 0.050,
0.075, and 0.10 for R=Sm and La, using a threshold of 1
uV/cm [68]. The E—J curves were created using the power-
law relation provided by [69]: E = fJ", where § and n are
experimental constants. Additionally, Fig. 18a, b illustrates
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the link between T, and J,. of the prepared samples as a func-
tion of Sm and La content. Clearly, J, followed the same
trend as 7, with x. According to observations from Figs. 17
and 18, it is evident that J, exhibits a gradual increase in
both replacements up to x = 0.025. J, increases from approx-
imately 614 A/cm? for the pure sample to 691 A/cm? at a rate
of 12.5% and 1034 A/cm? at a rate of 68.4% of Sm and La,
respectively. This enhancement may be attributable to Sm
and La replacements acting as pinning centers to fix vorti-
ces and boost inter-grain connection and inter-granular flux
pinning [71, 72]. It is worth mentioning that La has a more
pronounced effect than Sm in enhancing the flux pinning
and critical current density of the prepared samples. This
is likely attributed to lattice defects generated by the partial
substitution of La®* with Ca®*, which proves to be more
effective than the substitution of Sm>* with Ca%*, which can
increase flux pinning and grain coupling [17]. On contrary,
when Sm and La contents increase (x > 0.025), J, decreases
and reaches 427 A/cm? and 527 A/em? for x = 0.10. This
can be attributed to various factors, such as a rise in impurity
content, the presence of voids between grain as well as grain
alignment disorder and reduction in inter-grain connection
[49, 72].

4 Conclusion

In the present study, T, gHg,,Ba,Ca, ,R,Cu;304_s /F,,
where R =Sm and La samples (x = 0.00, 0.025, 0.050, 0.075,
and 0.100) were effectively prepared by solid-state reaction
technique. The XRD demonstrated that both types of sub-
stitutions have no effect on the tetragonal crystal structure
of the (T, Hg)-1223 superconducting phase. Furthermore,
the volume fraction was increased from 75.95% to 91.10%,
and 92.37% when x increased up to 0.025 for SmF; and LaF;
substitutions, respectively. SEM images demonstrated that
the substitution of Sm and La up to 0.025 improved the mor-
phology and structure of the sample. The Sm, La, and F
atoms doped into the (T1, Hg)-1223 phase replaced the Ca
and O atoms as desired, according to EDX results. Further-
more, XPS studies revealed that the superconductivity of
(T1, Hg)-1223 was controlled by an electron transfer process.
An improvement in 7, and J. by Sm and La substitutions up
to x = 0.025 was confirmed by the resistivity measurements
and /-V characteristics, respectively. The increase in 7, was
ascribed to the improvement of the grain’s connectivity and
the transition from over-doped to optimum-doped samples.
The excess conductivity investigation indicated the presence
of four fluctuation zones close and above T, (cr, 3D, 2D,
and sw). The values of £.(0), d, 1, v, and E; were com-
puted using the AL model. The calculated zero-temperature
coherence length along the c-axis for the unsubstituted sam-
ple was greater than those obtained for single crystal and

@ Springer

highly aligned grains samples, indicating the complex trans-
port behavior of ceramic materials. Finally, all the findings
showed that, under our preparation conditions, the replace-
ment of Sm and La with x = 0.025 was thought to be the
optimal quantity to enhance the superconducting properties
for the (T1, Hg)-1223 phase. In comparison to the substitu-
tion with SmF;, the substitution with LaF; proved to be more
effective in increasing volume fraction, T, and J.. This is
due to the unique ionic size and electronic structure of La’*,
which have a beneficial effect on the formation and stabil-
ity of cooper pairs. These improvements are critical in the
development of the material's superconducting properties.
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