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After it was determined that the electrical conductivity properties of Multi-Wall-Carbon-Nanotubes were quite good, 

MWCNTs are used as a support material for electrical conductivity in many materials. A similar situation is also 

possible for superconducting materials, and MWCNTs have recently been used as additives in many 

superconducting materials. In this study, 2 % and 4 % MWCNT added single crystal FeTeSe materials were 

produced using the self-flux method. The effect of the MWCNT addition on the electrical conductivity and magnetic 

properties was investigated. The results obtained show no significant change in the superconducting phase 

transition temperature but changes both structurally and in terms of Magnetizations and critical current density were 

obtained. In addition, it was observed that there were changes in the Irreversibility Field and Upper Critical field 

properties of the FeTe0.5Se0.5 superconducting samples produced. 
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1. Introduction 

 
In FeTeSe superconductor alloys, a member of the Fe-

based superconductor family, many studies have been 

conducted on both the development of superconductivity 

mechanisms and also their production as an alloy in single 

crystal form. Accordingly, different elements such as; 

direct addition or substitution of Ag, Al, Ti, V, Cr, Mn, Co, 

Ni, Cu, Pb, Ga, In, Ba, and Sm have been tried to increase 

transition temperature, Tc, however, there is no significant 

change in the Tc of the material have been obtained [1-8]. 

But it has been observed that there is a slight increase in the 

critical current density value, Jc, [9]. In particular, it has 

been observed that the Ag addition to the FeTeSe material 

modified the single crystal fabrication, improved the 

microstructure, and increases the current density to a 

certain extent [10]. It is important that FeSeTe material can 

be used, especially in technologies that require 

temperatures but high current density. In this context, it is 

seen that FeTeSe superconducting materials are still a  

 

material that is intensively studied and needs to be studied 

also and improved further to reach the much higher Tc and 

also Jc. 

     Carbon nanotubes or Multi-Wall-Carbon-Nanotubes, 

CNs, or MWCNTs, on the other hand, are used in many 

areas of technology and shoved important results due to 

their very good electrical conductivity properties. 

Compared to other additives made to FeSeTe systems, CN 

and MWCNTs doping and/or substitution have been 

observed to give different results among the studies carried 

out to date [6-7]. In particular, it is clearly seen that there 

are positive modifications in the chemical, physical, 

electrical, and magnetic properties of FeSeTe material as 

well [11]. This situation is generally evaluated as the very 

good electrical conductivity, and better and homogeneous 

distribution properties of the MWCNTs make positive 
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contributions to the main properties of the FeTeSe system 

[12-15].  

     In the results obtained by MWCNTs adding, it is 

thought that not only the positive changes in electrical 

conductivity but also the changes in the Irreversibility field 

and Upper Critical field properties, which are considered 

important physical properties for superconducting 

materials, may produce positive results in the technological 

applications of FeSeTe single crystal superconductor 

samples. In this study, MWCNT-free, 2%, and 4% 

MWCNT-added single crystal samples were prepared and 

their physical, electrical, and magnetic properties were 

examined and the results obtained were presented. 

 

2. Experimental 

 

      Pure and 2 % and 4 % MWCNT’s added samples were 

prepared in single crystal form by the self-flux method to 

obtain FeTe0.5Se0.5 superconducting samples. Initially, high 

purity, 99.99%, Fe powder with ~10 µm particle in size, 

high purity, 99.99%, Te particles with ~500 m in size and, 

high purity, 99.99%, Se particles with ~40 µm in size and, 

highly pure, 97 %, MWCNTs with an outer diameter of less 

than 2 nm and the inner diameter of less than 1 nm were 

used as starting materials. The powders were weighed at 

the determined rates, pressed as pellet form at 12 MPa and 

placed into a quartz tube in a glow box, and closed under a 

vacuum. Quartz tubes were then placed into the furnace and 

heated to 1125 °C within 10 hours and kept at this 

temperature for 24 hours. Then the furnace temperature 

was decreased to 650 °C within 220 hours and finally, the 

furnace was turned off and cooled to room temperature. 

Then samples were removed from the quartz glass and 

prepared for the characterizations. 

Characterization of the single crystal samples was started 

with the X-Ray Diffraction (XRD) analysis. Malvern 

Panalytical Empyrean X-ray diffractometer was used to 

examine the structural properties between 2θ= 10 and 700. 

For the surface morphology and stoichiometric analysis, 

Scanning Electron Microscope (SEM) and Energy 

Dispersive X-ray Spectrometer (EDS) were used. Thermo 

Scientific-FEI Apreo S SEM device equipped with 

UltraDry EDS Detector for SEM and EDS analysis was 

used. The electrical transport properties of the samples 

were determined by the Quantum Dizayn Physical Property 

Measurement System (PPMS-9T) with 4 point 

configuration and silver paint for the contact. The magnetic 

properties were measured with the Quantum Dizayn 

Physical Property Measurement System with the Vibrating 

Sample Magnetometer (VSM) attachment. 

 

3. Results 

 

3.1. XRD analysis 

 

Figure 1 shows the XRD patterns of the FeTe0.5Se0.5 pure, 

2 % and 4 % MWCNT added single crystal samples. It was 

observed that all the samples produced were oriented in the 

direction of 00l, and the peaks were sharp and severe. This 

obviously indicates a single crystal formation of the 

samples. Although no impurity phase was observed in the 

pure sample. However, Carbon peaks as an impurity, as 

denoted C in Figure 1, were observed in 2% MWCNT and 

4% MWCN added samples. All samples obtained have 

shoved tetragonal crystal symmetry and they were found to 

be in the P4/nmm space group. The lattice parameters were 

calculated and given in Table 1. A slight increase in the a- 

and a decrease in the c- lattice parameters were calculated. 

This kind of small changes in a- and c- lattice parameters 

reveals that MWCNTs in the structure actually make good 

chemical bonds with other atoms in the matrix. It is 

believed that this property can cause torsion and expansion 

in the structure.  

 

 

 
 

Figure 1. XRD patterns of the samples prepared. 
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         Table 1 Crystallographic parameters of the samples prepared. 

 

Sample 
a-axis, 

Å 

c- axis, 

Å 

Crystal 

volume, Å3 

Crystal 

structure 
Space group 

FeTe0.5Se0.5 3.7899(5) 5.9706(5) 85.7578 tetragonal P4/nmm 

FeTe0.5Se0.5 + 2 % 

MWCNT added 
3.7904(6) 5.9689(5) 86.2849 tetragonal P4/nmm 

FeTe0.5Se0.5 + 4 % 

MWCNT added 
3.7985(6) 5.9633(5) 87.0099 tetragonal P4/nmm 

3.2. Microstructural Properties 

 

Figures 2a-c show the surface morphology of the pure 

FeTe0.5Se0.5 and 2 % and 4 % MWCNTs added samples 

respectively. It is seen that all the samples produced are 

formed in a single phase and in a very thin, approximately 

400 nm thick, layered form with no surface roughness. We 

obviously did not obtain any visible dislocations or 

agglomeration of the matrix elements on the surface. 

Although, while there was no difference in the surface 

morphologies, a significant change was observed in the  

 

EDS analysis, a regular concentration increase, 1.97 %, and 

3.98 % atomic weight carbon for 2 %, and 4 % addition 

levels respectively were obtained. This showed that 

MWCNTs are distributed homogeneously in the matrix.  

By considering the microstructural and the EDS studies 

evaluated here in this work, we found no significant 

microstructural difference in the surface morphologies of 

the samples and believed that MWCNTs are well 

incorporated with the FeSeTe matrix itself.  

 

 

Figure 2. Surface morphologies of the a) pure FeTe0.5Se0.5, b) 2 % MWCNTs and c) 4 % MWCNTs added samples. 

 

3.3- Electrical Transport Properties 

 Figures 3a, b and c show the -T curves of the samples 

between 10 and 20 K and between 0 and 8 Tesla. The  
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superconducting transport parameters of the samples 

produced were also summarized in Table-2. It was 

observed that pure FeTe0.5Se0.5 and 2 % MWCNTs added 

samples were found to have superconducting. However 

superconducting state cannot be reached in 4 % MWCNTs 

added samples even though it showed a slight transition 

around 14 K. Addition of 2 % MWCNTs improved the 

electrical conduction performance of the sample by 

approximately 1 K compared to the pure sample.  

      This can be explained by the solubility limit of the 

MWCNT material in the FeTe0.5Se0.5 material and this 

solubility limit in the FeSeTe matrix directly affects the 

superconducting phase formation and also the formation of 

 

 the superconducting paths. The best Tc, Tzero and 

T=Tc
onset-Tc

zero values were obtained as 16.5 K, 15.5 K, 

and 1 K respectively from the 2 % MWCNT substituted 

sample. The full width and half maximum (FWHM) of the 

peak in the d/dT-T curves were also determined in order 

to find the sample with the sharpest superconducting 

transition and the results obtained are also given in Table 

2. The 2 % MWCNTs added sample showed the sharpest 

transition compared to pure FeTe0.5Se0.5 material. 

Figure 3. Electrical transport properties of a) pure, b) 2% MWCNT added, and c) 4% MWCNT added samples.

 

Table 2. electrical properties of the samples prepared. 

Sample 
Tc

onset, 

K 

Tc
zero, 

K 

T, 

K 

FWHM, 

K 

 

Jc
mag, A/cm2 

Hc2(0)(T) 

10%-50%-

90% 

c (nm) 

10%-50%-90% 

Pure 15.5 14.4 1.1 1.1 2.05x106 62-49-41 2.1-2.5-2.6 

2% 16.5 15.5 1.0 0.98 6.91x106 72-51-48 2.3-2.7-2.9 

4% ~ 15 … … …  … … 

 

3.4- Upper critical field (Hc2) calculations 

 

Upper critical field, Hc2(T), calculations have an important 

indicator in all superconducting systems. At least it gives 

important clues about the quality of the samples. The  

Hc2(T) values of prepared samples were calculated using 

the Werthamer-Helfand-Hohenberg (WHH) equation and 

the 10%, 50%, and 90% criteria of the -T curves. The 

WHH equation is given with the formula of [14,16]; 

Hc2(0) = −0.693𝑇c (
dH

𝑑𝑇
)

T=Tc

                            (1)  

 

In Figures 4 a and b, the Hc2(T)-T(K) curves of pure and 2 

% MWCNT added samples are given. The 4 % MWCNT 

added sample showed no superconductivity so it cannot be 
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calculated. The slope of the curves (dH ⁄ dT)T=Tc) is 

calculated to be -4.29 T/K, -3.47 T/K, and -2.98 T/K, for 

the pure sample, -4.28 T/K, -3.49 T/K, and -3.02 T/K, for 

the 2 % MWCNT added sample. By using these values, the 

upper critical field values were calculated to be 62 T, 49 T, 

and 41 T for the pure sample, 72 T, 51 T, and 48 T for the 

2 % MWCNT added sample, Table 1. As seen in Table 1, 

Hc2(0) values increase as the MWCNT content increases in 

the material. This is thought to be a result of the fact that 

MWCNT does not cause strong and/or important disorders 

in the material due to changes in FeSeTe matrix. These 

results are also slightly higher than those previously 

reported values for Fe- chalcogen and Fe- pnictogens 

systems and show the effect of MWCNT in the matrix 

[14,16].  

Figure 4. Hc2(T) versus Tc phase diagrams calculated by using WHH equation a) pure sample, b) pure sample for Wen, c) 

WHH equation for 2 % MWCNT added sample and d) 2 % MWCNT added sample for Wen equation. 

 

3.5- Coherence length, ξc, calculations  

 

The coherence length, ξc, calculations were made using the 

Ginzburg-Landau equation and the calculated Hc2(T) 

values at 10 % Tc
offset, 50 % Tc

midpoint, and 90 % Tc
onset 

criteria of the -T curves. The Ginzburg-Landau equation 

is given as [14,16];   

 

𝜉𝑐 = (
𝜙0

2𝜋𝐻𝑐2(0)
)

1/2

                                                     (2) 

 

In equation 2, 0=2.068x10-15 Wb is the flux quanta [16], 

and ξc is the characteristic length. The calculated value of 

the ξc for the pure sample was found to be 2.1 nm, 2.5 nm, 

and 2.6 nm and for 2 % MWCNT substituted sample 2.3 

nm, 2.7 nm, and 2.9 nm, Table 2. A slight difference in the 

ξc was observed when the MWCNT addition increased. 

According to the comparison between the calculated ξc 

values with the crystal lattice parameter a- (a=3.7899 Å), 

it was obtained that the ξc values are greater than a/2 and  

 

this indicates that the produced samples are in the class II-

type superconductor. 

 

3.6- Irreversibility field, µ0Hirr(0) 

 

The Collective Pinning Theory (CPT) and the result of ρ-T 

measurements under 0 - 8 T magnetic fields were used for 

the irreversibility field, µ0Hirr(0), calculations. In CPT 

theory Hirr is given as [14,16];  

 

                                    (3) 

 

here, Tirr(H) is the irreversibility temperature under 

different fields and Tirr(0) indicates the irreversibility 

temperature in zero fields. The Tirr(H)/Tirr(0) defines the 
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reduced temperature. In equation 3, n, H0, and Tirr(0), are 

fitting parameters and they can be solved by the k=cza 

equation. Obtained n, H0, Tirr(0), and µ0Hirr values for pure, 

2%, and 4% MWCNT added samples are given in Table 3. 

As seen in Table 3, all calculated parameters increase as 

the MWCNT addition increases. According to the results 

obtained that the µ0Hirr==27.45 T and n=1.22 values were 

obtained in the pure samples and µ0Hirr==29.62 T and 

n=1.26 figures were obtained for the 2 % MWCNT added 

sample. Results obtained showed that both µ0Hirr and n 

values were found to be increased as the MWCNT addition 

rate increased. That could be the lattice defects due to the 

MWCNT addition. Thus, it is thought that especially the 

pinning centers consisting of lattice defects could show a 

random distribution and independent movement of the 

vortex lines on the surface of the samples. 

 

Table 3 Irreversibility field properties of the samples. 

 

Sample µ0Hirr, T Tirr(0), K n 

Pure 27.45 14.18 1.22 

2 % MWCNT 29.62 15.27 1.6 

 

  

Figure 5. Magnetization versus Applied field graph for pure sample, 2% MWCNT added, and 4% MWCNT added samples. 

 

3.7 Magnetization measurements 

 

The magnetization analyzes of the samples were carried out 

between 0 and 8 T and at 5 K, and the results are given in 

Figure 5. All samples have a ferromagnetic tendency. 

Especially as the MWCNT ratio increased, this tendency 

was observed to increase even more. Together with this, it 

was found that the magnetization value increased by 

approximately 35% when the 2% MWCNT added sample 

was compared to the pure sample.  

      This can be explained by the MWCNT adding, 

especially magnetic nanoparticles may have formed as 

clusters form at the atomic level in the matrix. It was found 

that the ferromagnetic property became more dominant in 

the samples with 2 % MWCNT added. This situation can 

only be revealed with a comprehensive transition electron 

microscope (TEM) study but TEM analyzes were not 

carried out within the scope of this study. The critical 

current density, Jc
mag, values calculated with the Bean 

formula are given in Table 2. According to the results, it 

was observed that, although the ferromagnetic property 

increased with the addition of MWCNT, the Jc
mag, also 

increased. The 2 % MWCNT added sample showed ~3 

times higher Jc
mag value than the pure sample. In fact, it has  

 

been evaluated that the Jc
mag value may have increased as 

the formation of magnetic clusters mentioned earlier, and 

possibly they formed in large numbers and act as pinning 

centers in the structure and the number of these pinning 

centers may increase as the contribution rate increases. 

 

4.        Conclusion 

 

Single crystal pure FeTe0.5Se0.5 and 2 % and 4 % 

MWCNT’s superconducting samples were prepared 

successfully in single crystal form. According to the results 

obtained adding MWCNTs to FeSe0.5Te0.5 system increased 

the Tc and Tzero of the samples slightly but the main 

improvement was obtained in Jc measurements. At least a 

two-fold increase was obtained and indicated the positive 

effect on the MWCNT addition. We did not obtain any 

important change in the crystal parameters and also in the 

microstructural evolution of the samples. The most 

important observation is in the Jc
mag value of the samples. 

2 % MWCNT added sample showed ~3 times higher Jc
mag 

value than the pure sample.  
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