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Abstract 

AC multi-harmonic susceptibility measurements were performed in the FeSe0.25Te0.75 superconductor. A large frequency-
magnetic field-temperature (f-H-T) region of the superconducting phase diagram was mapped under a wide range of the DC 
magnetic field. In particular the irreversibility line was accurately drawn up to 20 T as a function of both T and f. The frequency 
dependence of the irreversibility line was analyzed using the 3D vortex glass model, well describing the experimental behavior 
up to high magnetic field. The data evidence the evolution in time of the metastable critical state in a final stable vortex glass 
phase by decreasing the frequency. Moreover, from the Werthamer, Helfand and Hohenberg theory we estimated the upper 
critical field μ0Hc2 (0 K) ~ 62 T. The observed 3D flux-pinning response points out that this system is suitable for carrying quite 
high critical currents. 
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1. Introduction 

The discovery of FeSexTe1 x compounds [1-3] belonging to the (11) family of iron chalcogenides attracted the 
attention of both theoreticians and experimentalists because of their simple crystal structure yet rich phase diagram 
where magnetic and superconducting phases may coexist [4,5] forming two networks at the nanoscale. Thanks to the 
high values of the upper critical field [6] and to the high critical current density [7] FeSexTe1 x compounds are ideal 
candidates for many technological applications. However, the lack of understanding regarding the correlation 
dynamics between the flux lines in the mixed state represents a real bottleneck. A major obstacle for reliable 
technological applications is also the reduction of the dissipative phenomena due to the magnetic vortex motion 
inside the material. Therefore, in order to improve both the fabrication process and the application perspectives of 
these materials, a crucial issue is to investigate their flux-pinning and vortex dynamics properties. In this respect the 
accurate determination of the Irreversibility Line (IL) is important. This line divides the magnetic field-temperature 
phase diagram between a true superconducting vortex glass region where the flux lines are pinned and the current is 
carried without dissipation, and a vortex liquid region where the flux lines move in response to the applied current 
and the material shows an Ohmic behavior. In this contribution, using AC multi-harmonic susceptibility, we 
investigated the vortex dynamics in the FeSe0.25Te0.75 superconductor. The AC susceptibility is indeed a powerful 
technique to explore the superconducting state, because it directly probes the dynamic magnetization of the material 
[8,9]. In particular the high harmonic coefficients ( n) probe the irreversible flux-pinning response of the 
superconducting phases occurring in the sample [10]. 

The work is mainly focused in the reconstruction of the temperature-magnetic field-frequency phase diagram in 
the superconducting state. In particular the irreversibility line was drawn in detail up to high magnetic fields (< 20 T) 
as a function of temperature and frequency. Moreover, we extrapolated the irreversibility line in the limit of zero 
frequency, in the framework of the 3D vortex glass theory. By decreasing the frequency, the 3 temperature onset 
data show the time evolution of the critical state into a final stable vortex glass phase. The observed 3D flux-pinning 
behavior of the system in a wide range of the magnetic field points out the possibility to carry high critical currents 
in the material, even under high magnetic field.  Finally, from the Werthamer, Helfand and Hohenberg (WHH) 
theory the upper critical field μ0Hc2 (0 K) was estimated ~ 62 T [11]. These results help to clarify the complex 
behavior of the flux lines in the mixed state of this superconductor.    

2. Experimental 

The FeSe0.25Te0.75 sample was synthesized in Tsukuba, Japan, by a solid state reaction technique from high purity 
powders of the constituent elements. Further details of the synthesis are given elsewhere [12]. Ac susceptibility 
multi-harmonic measurements were performed at the High Field Magnet Laboratory (HFML) in Nijmegen, using a 
probe based on a set of two counter-wound pick-up coils, surrounded by a drive excitation coil, especially developed 
to work in the high field magnet (Hdc up to 33 T) [13]. The sample is mounted in a plastic holder at the center of one 
of the two coils while the other remains empty. With such a setup the background noise is predominantly 
compensated. The coil assembly is immersed in a thermally controlled He gas-flow cryostat which is mounted in the 
main magnet. The length of the probe is adjusted to place the center of the two pick-up coils in the uniform field 
region of the magnet, in order to reduce the background signal from the DC field. 

All measurements were performed in the zero field cooling (ZFC) setup, i.e., the sample was slowly cooled 
without a magnetic field, then the field was switched on. The probed frequency range was 107 - 1070 Hz, in the AC 
magnetic field amplitude μ0Hac ~ 9.8 G and DC field amplitude range 0 T – 20 T. 

The critical temperature Tc(H) was obtained from the diamagnetic temperature onset of the first harmonic 
modulus 1 vs. T curves at each value of the DC magnetic field, as shown schematically in Fig. 1a (black arrow), 
where the measurements of the most representative fields at 507 Hz are reported. This was the frequency with the 
best signal to noise ratio. To increase the sensitivity, first derivative data were always analyzed for determining the 
onset. 
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Fig. 1. AC susceptibility measurements vs. temperature and DC magnetic field at 507 Hz. The black arrow indicates the onset. (a) First harmonic 
modulus of the susceptibility 1 vs. T; (b) third harmonic modulus of the susceptibility 3 vs. T. 

For this sample, Tc (0 T) ~ 14 K was found at zero field and 1070 Hz. Moreover, from these data the critical field 
curve μ0Hc2 (T) was deducted up to 20 T. 

Following the same procedure, the irreversibility line was obtained from the temperature onset of third harmonic 
modulus 3 vs. T curves (Fig. 1b, black arrow). This method allows enhancing the sensitivity on the non-linear flux 
pinning dynamic processes in the superconducting phase. Indeed the higher harmonic components of the 
susceptibility, n, are the result only of the non-linear response of the material to the excitation of the AC field 
[14,10] and describe the change of the effective flux-diffusivity connected with the flux-pinning interaction [8]. In 
particular, in addition to directly discriminating between linear losses and non-linear flux-pinning response, 
compared with the other harmonics, the third one has the best signal to noise ratio [14].  

3. Results and discussion 

Fig. 2 shows the phase diagram of the FeSe0.25Te0.75 superconductor deducted from the onsets of the 1 vs. T and 
3 vs. T curves at 507 Hz (Fig. 1 a, b), as described in the previous section. The full squares mark the irreversibility 

line. Below this line, a non-reversible hysteretic behavior of the magnetization sets in, as a result of the disordered 
pinning of flux lines in the material forming a vortex glass phase.  

This state is of particular interest for technological applications, because even in a magnetic field, it is a true 
superconducting phase where high current densities can be supported without dissipation. The region above the 
irreversibility line is the vortex liquid phase, where the thermal activation allows unpinning of flux lines which now 
move in response to the applied current, leading to Ohmic behavior and dissipation.  

The full circles track the upper critical field μ0Hc2 (T), obtained from the diamagnetic onset of the 1 vs. T curves. 
Data in the low field region near Tc have an almost linear dependence with a slope dHc2/dT = - 6.4  0.2 T/K (see 
the linear fit in Fig. 2). Then, from the Werthamer, Helfand and Hohenberg theory [11]:  

,   (1) 

we evaluated μ0Hc2 (0 K) ~ 62 T, in the limit of vanishing temperature and in agreement with the literature for a 
similar sample [15]. 
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Fig. 2. Phase diagram of the FeSe0.25Te0.75 at 507 Hz. The full squares mark the irreversibility line (the continuous line is the fit with the Eq. 2 in 
the text). The full circles track Hc2 (T) (the dashed line is a linear fit). 

The irreversibility line can be fitted with a power-law function (see the continuous line in Fig. 2): 

,   (2) 

with the exponent  = 1.4 – 1.5. This form, already found for cuprates [16, 17] and pnictides [18,19], describes the 
behaviour of a spin-glass system, i.e., the de Almeida-Thouless line [20]. Also the frequency behaviour of the 
irreversibility line was explored, plotting the temperature onset of 3 as a function of the frequency, at each value of 
the DC magnetic field. The resulting curves are reported in Fig. 3 again for the most representative fields.  

In this case, a slight increase of the onsets with the frequency is observed, connected with the time evolution of 
the metastable superconducting phase described by the critical state towards a final stable vortex glass phase. Indeed 
this frequency dependence may be understood in the framework of the vortex glass theory. According to this model, 
near the vortex glass phase-transition temperature Tg, a power-law divergence of the correlation length   |T-Tg|-  

 

Fig. 3. Temperature onsets of 3 vs. frequency for the most representative DC magnetic fields. Continuous lines are fits with the Eq. 3 in the text. 
The straight line is the linear fit of data at 0 T.  
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Fig. 4. Irreversibility line at the most representative frequencies. The full spheres track the irreversibility line in the limit of zero frequency, 
extrapolated from the fit of the 3 vs. f (Fig. 3) with the Eq. 3 in the text. Continuous lines are the best fits with the Eq. 2 in the text. 

 
characterized by a critical exponent v is observed. Moreover, a critical slowdown of the dynamics near Tg, with a 
power-law divergence of the relaxation time   |T-Tg|- z, where z is the dynamical critical exponent, is also 
expected. By inverting the latter relationship and taking care of the system dimensionality D, we obtained the 
frequency dependence of the irreversible temperature [21, 22]: 

)2(/1)()(),( Dzv
gg fHAHTfHT .   (3) 

In the plot at μ0Hdc = 0 T, the 3 onsets are almost independent of the frequency as shown by the straight line in 
Fig. 3. A possible explanation is that the flux lines arrange in the vortex-glass phase with a characteristic creep time 
rate, faster than the explored experimental time window range. Using equation (3) we fitted the experimental data 
under the assumption of a 3D flux-pinning interaction and extrapolated the irreversible temperature Tg (H, 0) in the 
limit of the zero frequency at each DC field. The resulting irreversibility line is shown in Fig. 4 (full spheres), where 
we show also the IL of the metastable superconducting states at the most representative frequencies. The 
measurements at different frequencies are windows on the time evolution of the superconducting system in the H-T 
plane. In Fig. 4 the flux-pinning state time evolution is clearly pointed out. In the framework of the spin-glass theory 
the continuous lines are the best fits with the equation (2) and  = 1.4 – 1.5 [20]. Deviations from the fit are 
observed at small fields near Tc, especially at low frequencies and may be explained with the occurrence in the 
sample of weak links among superconducting grains, really poorly connected near the critical temperature [23].  

4. Conclusion 

A wide region of the superconducting FeSe0.25Te0.75 phase diagram was mapped through multi-harmonic AC 
susceptibility measurements, as a function of temperature (4 – 25 K), DC magnetic field (< 20 T) and frequency 
(107 – 1070 Hz). The flux-pinning dynamics in this system were analyzed at high magnetic field and the 
irreversibility line was accurately drawn up to 20 T, as a function of both temperature and frequency. The IL 
experimental behavior can be reasonably well described in the framework of a 3D vortex-glass model up to high 
magnetic field applied, although deviations at small field and low frequency are observed near Tc. The 3D flux-
pinning response of the FeSe0.25Te0.75 system in a wide range of applied magnetic field points out the possibility of a 
significant increase of the critical current in this system. Moreover, data clearly show the time evolution of the 
metastable superconducting state in the final stable vortex glass phase. Finally, from the WHH theory an upper 
critical field μ0Hc2 (0 K) ~ 62 T was estimated. These results help to clarify the complex behavior of the flux lines in 
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the superconducting phase of this superconductor with a simple crystal structure but where magnetic and 
superconducting phases may coexist at the nanoscale. 
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