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ABSTRACT 

 

The Tl2Ba2CaCu2O8 (Tl-2212) phase superconductor with critical temperature 110 K, 
offers a better phase stability, easier synthesis control and more reproducible 
superconducting properties than Tl2Ba2Ca2Cu3O10 (Tl-2223) with critical temperature 
125 K, making it more suitable for systematic studies despite its slightly lower critical 
temperature. To enhance the critical current density, magnetic nanoparticles with size, l 
between the coherence length, x and the penetration depth, l can be added to the Tl-2212 
phase, where the particles act as effective flux pinning centers. In this study, 120 nm 
antiferromagnetic FeF2 nanoparticles were added into Tl2Ba2Ca2Cu2O8(FeF2)x with x = 0 
to 0.04 wt.%. The main aim was to investigate the effects of nanosized FeF2 on the Tl-
2212 phase formation and critical temperature. X-ray diffraction (XRD) analysis 
confirmed that a single Tl-2212 superconducting phase was formed in all FeF2 added 
samples. The non-added sample exhibited a superconducting onset critical temperature 
(Tc-onset) of 108 K, whereas samples with FeF2 additions of x ≤ 0.03 wt. % retained a 
relatively high Tc-onset of approximately 100 K, indicating that low FeF2 concentrations 
have only a minimal effect on the onset of superconductivity. These results demonstrate 
that FeF2 can be incorporated into Tl-2212 without causing significant disruption to phase 
formation or the critical temperature provided that the doping level is x ≤ 0.03 wt.%. This 
suggests that careful FeF2 doping could be a viable addition for optimizing 
microstructural and textural properties while maintaining high critical temperature. 
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INTRODUCTION 
 
The Tl2Ba2Ca2Cu3O10 (Tl-2223) phase possesses a higher superconducting critical 
temperature, Tc (125 K) than Tl2Ba2CaCu2O8 (Tl-2212) with Tc = 110 K [1,2]. However, 
the Tl-2212 phase offers several important advantages from both experimental and 
practical viewpoints. Tl-2212 phase can be synthesized more easily and reproducibly, 
with a wider processing window and better control of phase purity, whereas Tl-2223 is 
highly sensitive to processing conditions and thallium loss, often leading to multiphase 
samples. Compared to Tl-2223 phase which has a three CuO2-layers, the Tl-2212 has a 
simpler two CuO2-layer structure and it exhibits fewer structural defects, better grain 
connectivity and lower anisotropy. These features result in a more stable and reproducible 
superconducting and transport properties, particularly in bulk and polycrystalline 
samples. Consequently, Tl-2212 is often preferred for systematic studies and applications 
where structural stability and reproducibility are essential. Several studies to improve the 
properties of the Tl-2212 phase continue to be reported until recently [3,4,5,6,7]. 

The addition of nanosized particles is one of the ways to improve the current 
density of this cuprate based superconductors. In this paper, the effects of 120 nm FeF2 
on the formation of the Tl-2212 phase superconductor were investigated. FeF2 was chosen 
because it is paramagnetic at room temperature but antiferromagnetic at low 
temperatures. Nanosized FeF2 was chosen because its size is between the coherence 
length, x and the penetration depth, l of Tl-2212 where FeF2 may act an effective flux 
pinning center for increased transport critical current density. Magnetic nanoparticles 
with a characteristic size (l) satisfying the condition  x < l < l can interact strongly with 
the flux-line lattice. This interaction enhances flux pinning, resulting in the formation of 
a frozen-flux superconducting state and improving the stability of magnetic flux within 
the superconductor [8]. 

FeF2 is paramagnetic at room temperature and transitions to an antiferromagnetic 
state is below its Néel temperature (Tn = 78.12 K). Its intrinsic (internal) magnetic field, 
which arises from the magnetic ordering within the material, is reported to be 32.9 T at 0 
K and 2.5 T at 77 K [9]. The melting point of FeF2, ranging from 970 °C to 990 °C at 
standard atmospheric pressure, is higher than the melting point (717 °C) and vaporization 
point (875 °C) of Tl2O3. These thermal and magnetic properties indicate that FeF2 can be 
incorporated into the Tl-2212 system without premature melting or degradation, while its 
magnetic behavior may influence the superconducting characteristics at low 
temperatures. 

This study aimed to investigate the effect of FeF2 addition on the phase formation 
and superconducting critical temperature of the Tl-2212 superconductor. The samples 
were characterized using X-ray diffraction (XRD) to identify phase composition, 
scanning electron microscopy (SEM) to examine microstructural features, and four-point 
probe measurements to evaluate electrical resistance as a function of temperature.  

 
MATERIALS AND METHODS 

 
The samples were prepared using the precursor route, where appropriate amounts of high 
purity (99.99%) BaO, CuO, CaO were mixed with initial formula Ba2CaCu2Oz. The 
powders were calcined at 890 oC for 24 h with one intermittent grinding. The precursor 
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powders were then added with Tl2O3 and nanosized FeF2 (120 nm, 99.99% purity) 
according to the formula Tl2Ba2CaCu2O8(FeF2)x for x = 0, 0.01, 0.03 and 0.04 wt.%. In 
order to compensate for the thallium lost during heating, 10% Tl2O3 were added to the 
samples. The mixing was done in a helium filled glove bag due to the hygroscopic nature 
of FeF2. The mixture was pressed into pellets with 12.5 mm diameter and 2 mm thickness. 
The pellets were then placed in a preheated tube furnace and heated at 905 oC for 5 min 
in oxygen flow and oven cooled to room temperature. The oxygen flow was continued 
during cooling until 200 oC.  
 The phase was identified using the X-ray diffraction method using a Bruker D8 
Advance diffractometer with CuKa radiation with wavelength 1.5418 Å. The scan angle 
was between 2q =20o and 60o. The microstructure was determined using a Philips XL 30 
scanning electron microscope.  
 The critical temperature was measured using the resistance versus temperature 
measurements. The four point probe method was used to measure the resistance with 
silver paste as the electrical contact between the probe and the samples. The low 
temperature measurements were performed using the CTI Cryogenics Closed Cycle 
Refrigerator Model 22. A Lake Shore temperature controller model 340 was used to 
control the temperature. A constant current between 1 mA to 100 mA was used in the 
measurements. 
 

RESULTS AND DISCUSSION 
 
Figure 1 shows the XRD patterns of all samples. All peaks are attributed to the Tl-2212 
phase and no impurity peaks were observed. The calculated unit-cell volumes derived 
from the lattice parameters a, b, and c show only minor variations, ranging from 436.4 to 
437.3 Å3 (Table 1). This narrow spread indicates that the crystal structure remains 
essentially unchanged across the samples, reflecting good phase stability and structural 
homogeneity. The small increase in unit-cell volume observed in the third set of 
parameters is mainly associated with a slight elongation along the c-axis, while the in-
plane lattice constants a and b remain nearly constant. This suggests limited incorporation 
of Fe/F-related species into the lattice or subtle changes in interlayer spacing. At x = 0.04, 
both c and V decrease, implying the onset of structural instability or secondary phase 
formation at higher FeF2 content. Such behavior suggests that any compositional 
modification or processing variation predominantly affects the interlayer spacing rather 
than the CuO2 planes.  

The effects of FeF2 addition in Tl2Ba2CaCu2O8 can be interpreted in light of high-
pressure studies, which show that superconductivity is highly sensitive to lattice 
distortion rather than structural phase transitions [10]. Under moderate pressure, Tc 
increases due to enhanced electronic coupling, but excessive compression induces 
distortion that suppresses superconductivity. Similarly, low FeF2 content produces only 
slight lattice changes, suggesting limited incorporation or subtle interlayer modification. 
However, at x = 0.04, the changes in both the c-axis parameter and unit-cell volume 
indicates emerging structural instability or secondary phase formation, implying that 
excessive FeF2 induces distortion analogous to high-pressure suppression of Tc. Overall, 
the limited fluctuation in the unit-cell volume implies minimal lattice distortion, 
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supporting the formation of a stable Tl-2212 phase with consistent crystallographic 
characteristics.  

 

 

 
Figure 1. XRD patterns of Tl2Ba2CaCu2O8(FeF2)x for x = 0, 0.01, 0.03 and 0.04 wt.%. 

All peaks are attributed to the Tl-2212 phase and no impurity peaks were observed 
 

Figure 2 shows the SEM micrographs of the x = 0 and 0.03 samples. Contrary to 
the typical trend, a minimal FeF2 addition (x = 0.03) in Tl-2212 appears to promote grain 
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growth compared to the pure sample (x = 0). The pure compound shows smaller, more 
granular grains approximately 1–2 µm in size. In contrast, the x = 0.03 sample exhibits 
longer, well-developed plate-like grains, estimated at 3–4 µm in length. This suggests 
that a low FeF2 concentration may act as a flux or sintering aid, improving crystal growth 
and texturing throughout the processing. Such microstructural improvement could 
positively influence superconducting properties by enhancing grain connectivity and 
alignment, highlighting a non-monotonic doping effect where a small additive optimizes 
morphology before larger amounts inhibit growth. 

 

  
(a)        (b) 

Figure 2. Microstructure of Tl2Ba2CaCu2O8(FeF2)x for (a) x = 0 and (b) x = 0.03 wt.%. 
with addition of FeF2 the microstructure formed longer plate-like structure 

 
Table 1. Lattice parameters, unit cell volume, Tc-onset, Tc-zero, 𝑇!"#, 𝑇!" and resistivity (at 

300 K) for all samples 

 
Figure 3 shows the resistance versus temperature of the samples. The Tc-onset decreases 
from 108 K (x = 0) to 100 K for x = 0.01–0.03, and drops sharply to 77 K at x = 0.04. A 
more pronounced suppression is observed in Tc-zero, which falls from 93 K (x = 0) to 81 
K (x = 0.01), 75 K (x = 0.03), and 69 K (x = 0.04). This widening of the transition width  
(Figure 4) suggests increased disorder, increased superconducting inhomogeneity and 
enhanced scattering due to Fe incorporation. A similar behavior was observed in FeF2-
added YBa2Cu3O7, where the superconducting transition temperature decreased abruptly 
for FeF2 concentrations exceeding 0.03 wt.% [11]. This similarity suggests that the same 
underlying mechanism, most likely associated with enhanced magnetic scattering, 
increased structural disorder, or weakened superconducting coupling, is also responsible 
for the suppression of the transition temperature in the FeF2-added Tl-2212 samples. 

x a / Å b / Å c / Å V / Å
3
 

Tc-onset 
/K 

Tc-zero 
/K 𝑇!"#/K 𝑇!"/K r300K 

/mW cm 
0 3.865 3.860 29.25 436.4 108 93 107 97 16.26 

0.01 3.864 3.862 29.27 436.8 100 81 93 83 5.78 
0.03 3.865 3.861 29.30 437.3 100 75 98 90 7.94 
0.04 3.863 3.862 29.23 436.1 77 69 75 75 8.02 
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The normal-state resistivity (Table 1) at 300 K decreases significantly upon light 
FeF2 addition, reaching a minimum at x = 0.01 (5.78 mΩ cm), indicating improved 
normal-state charge transport, which may be associated with enhanced densification or 
reduced porosity of the sample. However, resistivity increases again at x = 0.03 and 0.04, 
consistent with enhanced defect scattering. 

In order to understand the transport current properties further, the dR/dT versus T 
curves were plotted (Figure 5). The curve generally showed two peaks; the higher 
temperature peak (𝑇!"#) indicates the intragrain current and the lower temperature peak 
(𝑇!") indicates the intergrain current. For x = 0, 𝑇!"# was observed near 107 K, which 
coincides with Tc-onset while the lower temperature peak 𝑇!"was observed at 97 K. This 
indicates that the intragrain current occurred at 107 K and the intergrain current at 97 K. 
The x = 0.01 sample showed intragrain currents occurred at 93 K and intergrain currents 
at 83 K, reflecting the suppression of both intragrain and intergrain superconductivity by 
FeF2 addition. The presence of two peaks demonstrated separate intragrain and intergrain 
superconducting transitions, suggesting the presence of weak-link behavior between 
grains. The x = 0.03 sample showed 𝑇!"#and	𝑇!" at 90 K and 98 K, respectively, indicating 
a slight improvement of the intragrain transition compared with x = 0.01 while 
maintaining distinct grain-boundary coupling. The separation between 𝑇!"#and	𝑇!" 
remained approximately 10 K for x = 0 and 0.01, decreased to 8 K for x = 0.03, and 
disappeared for x = 0.04. This revealed that slightly improved grain coupling, notably for 
x = 0.03, which is consistent with the denser and more linked microstructure observed in 
the SEM image (Figure 2(b)). The x = 0.04 sample showed only one peak at 75 K which 
indicated that the intragrain and intergrain current occurred simultaneously at the same 
temperature.  

 
Figure 3. Electrical resistance versus temperature curves of Tl2Ba2CaCu2O8(FeF2)x for x 

= 0, 0.01, 0.03 and 0.04 wt.% 



 37 

 
Figure 4. Tc-onset and Tc-zero versus FeF2 content 

 

 
Figure 5. dR/dT versus temperature curves of Tl2Ba2CaCu2O8(FeF2)x for x = 0, 0.01, 

0.03 and 0.04 wt.% 
 
These findings provide valuable insights into the role of antiferromagnetic FeF2 
nanoparticles in modifying the superconducting behavior of Tl-2212. The results may 
serve as a basis for further optimization of the microstructure, flux-pinning capability and 
intergranular connectivity, thereby improving the transport properties, particularly the 
critical current density. Such improvements are essential for enhancing the performance 
of Tl-2212 in high magnetic fields and practical operating conditions. Furthermore, the 
knowledge gained from this study contributes to a better understanding of the interaction 
between magnetic nanoparticles and high-Tc cuprate superconductors and may facilitate 
the development of superconducting materials with improved performance for 
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applications in power transmission, high-field magnets, superconducting fault current 
limiters, magnetic energy storage systems and other advanced superconducting 
technologies [11,12]. 

 
CONCLUSIONS 

 
In conclusions, the effects of antiferromagnetic nanosized FeF2 on Tl-2212 
superconductor have been investigated. Our results indicate that small FeF2 (x ≥ 0.03) 
additions kept the onset critical temperature above 100 K, while higher FeF2 content leads 
to suppression of Tc-onset. The XRD diffraction patterns showed that the Tl-1212 phase 
was obtained for all addition levels. This indicates that this phase is stable against FeF2 
addition. Overall, the findings demonstrate that low FeF2 additions can be introduced 
without significantly degrading the superconducting properties, while higher 
concentrations are detrimental to superconductivity and should therefore be avoided in 
Tl-2212 superconductors. 
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