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Tunnel diode oscillator measurements of the upper critical magnetic field of FeTe 0.5 Se 0.5

Temperature dependence of the upper critical magnetic field (Hc2) of single crystalline FeTe0.5Se0.5 (Tc = 14.5 K) have been determined by tunnel diode oscillator-based measurements in magnetic fields of up to 55 T and temperatures down to 1.6 K. The Werthamer-Helfand-Hohenberg model accounts for the data for magnetic field applied both parallel (H ab) and perpendicular (H c) to the iron conducting plane, in line with a single band superconductivity. Whereas Pauli pair breaking is negligible for H c, Pauli contribution is evidenced for H ab with Maki parameter α = 1.4, corresponding to Pauli field HP = 79 T. As a result, the Hc2 anisotropy (γ = H ab c2 /H c c2 ) which is already rather small at Tc (γ = 1.6) further decreases as the temperature decreases and becomes smaller than 1 at liquid helium temperatures.

I. INTRODUCTION

The discovery of superconductivity in La(O 1-x F x )FeAs with T c as high as 26 K 1 and, few months later, in Sm(O 1-x F x )FeAs with T c = 55 K 2 (both of them illustrating the '1111' pnictide family) raised a tremendous interest for iron-based superconductors, notably in connection with the study of the interplay between superconductivity and magnetism (for recent reviews, see e.g. [3][4][5] ). In that respect, determination of the temperature dependence of the upper critical magnetic field (H c2 ) and its anisotropy yields information on the pair breaking mechanism and allows to decide between single and multigap superconductivity. Regarding the superconducting gap topology, the issue remains under debate since, for example, a nodeless two-gap picture is in agreement with the ARPES data of Ba 0.6 K 0.4 Fe 2 As 2 6,7 whereas nodal gaps have been inferred for BaFe 2 (As 1-x P x ) 2 8,9 , these two compounds belonging to the same '122' pnictide family.

Even though large magnetic fields are required to explore the low temperature part of the phase diagrams due to H c2 values as high as several tens of a Tesla, numerous works have been devoted to this issue. Reported data share a common feature, namely the decrease of the H c2 anisotropy as the temperature decreases, which nevertheless still requires a clear understanding. Oppositely, puzzling results regarding the temperature dependence of H c2 can be found in the literature. Indeed, in several cases, (i) the temperature dependence of H c2 exhibit a negative curvature consistent with the Werthamer-Helfand-Hohenberg (WHH) model, eventually including a Pauli contribution, for both H parallel and perpendicular to the conducting ab plane (H ab and H c, respectively). However, in several other cases, (ii) although the WHH model accounts for the data for H ab, either a two-gap behaviour or a roughly lin-ear temperature dependence is observed for H c. In this latter case, even though multiple gap superconductivity is in agreement with ARPES data 6,7 , it remains to explain why a two-gap behaviour is observed for one of the considered magnetic field directions, only. Alternatively, field-dependent spin flip has been invoked to account for this behaviour 10 . Besides, for few compounds, (iii) H c2 exhibits an upward curvature for the two field directions. More specifically, limiting ourselves to the Fe 1+δ Te x Se 1-x chalcogenide compounds (referred to as the '11' family), all the above mentioned behaviours have been observed. Namely, behaviours (i) [11][12][13][14][15][16] , (ii) 15,17 and (iii) 18,19 have been reported. An important question deals with the probe used for the determination of H c2 . As an example, while either behaviour (i) or (iii) is reported for magnetic torque data (yielding the irreversibility field), behaviour (i) is observed in specific heat data 13,15 . Nevertheless, discrepancies are still observed using the same probe. As an example, specific heat data collected close to T c can yield strongly different anisotropy ratios ranging from γ ∼ 4 13 to nearly isotropic behaviour 11 . In that respect, crystal stoichiometry, doping and microstructure might influence the superconducting properties 20 . Tunnel diode oscillator (TDO) based technique, which is known to be sensitive to the London magnetic penetration depth 21 has already been successfully used to probe H c2 relevant to compounds belonging to the '122' pnictide family [22][23][24][25] . Indeed, this contactless technique is very sensitive to superconducting transitions, yielding very high signal-to-noise ratio. Despite of that, to our best knowledge, no data obtained with this technique have been reported for the '11' chalcogenide superconductors, yet. Therefore, this paper reports on the determination, through TDO-based measurements, of the temperature dependence of the upper critical field of a '11' superconductor, namely FeTe 0.5 Se 0.5 , which has al-ready been studied by magnetic torque, resistivity and specific heat 13,15,18 measurements. The deduced physical parameters (zero-field superconducting temperature, coherence length, orbital and Pauli fields) are compared to the data obtained from these previous measurements.

II. EXPERIMENTAL

The studied Fe 1+δ Te 0.5 Se 0.5 (δ = 0.05) single crystal has been synthesized using the sealed quartz tube method, as detailed in Ref. 13.

As reported in Ref. 26, the device for radio frequency measurements is a LC-tank circuit powered by a tunnel diode oscillator (TDO) biased in the negative resistance region of the current-voltage characteristic. This device is connected to a pair of compensated coils made with copper wire (40 µm in diameter). Each of these coils is wound around a Kapton tube of 1.5 mm in diameter. The studied crystal, which is a platelet with dimensions of roughly 1.4 × 1.4 × 0.04 mm 3 , is placed at the centre of one of them with the normal to the conducting ab plane parallel to the coil axis. The fundamental resonant frequency f 0 of the whole set is in the range 16 to 20 MHz. This signal is amplified, mixed with a frequency f about 1 MHz below the fundamental frequency and demodulated. Resultant frequency ∆f = f -f 0 has been measured in the temperature range from 1.6 K to 16 K, both in zero-field and in pulsed magnetic fields of up to 55 T with a pulse decay duration of 0.32 s. Magnetic field direction, either parallel or perpendicular to the ab plane, was explored by tilting the compensated coils so that the excitation field was always perpendicular to the ab plane. It has been checked that the data collected during the raising and the falling part of the pulse coincide, indicating that no discernible temperature change occurred during the field sweep.

III. RESULTS AND DISCUSION

The zero-field TDO frequency displayed in Fig. 1 evidences a large increase as the temperature decreases. This feature can be ascribed to the decrease of the magnetic London penetration depth due to the superconducting transition 21 . As reported in the case of '122' pnictides 23 , the onset of the frequency rise coincides with the superconducting transition deduced from e.g. magnetization or resistivity data. In line with this statement, the measured value (T c = 14.5 K) is in agreement with specific heat data 13 and corresponds to the best quality samples of the considered composition 20 .

Field-dependent TDO frequency is displayed in Figs. 2(a) and (b) for H c and H ab, respectively. Well defined transitions are observed allowing to determine the temperature dependence of the upper critical magnetic field H c2 for the two considered field directions according to the method displayed in the in- sert of Fig. 3. First, in contrast with irreversibility field data 18 , a negative curvature is observed in both cases as reported in Fig. 3. Such a behaviour, referred above to as 'behaviour (i)', is in qualitative agreement with specific heat 13,15 and resistivity 11,12,14,16 measurements and indicates a single band superconductivity, in line with ARPES measurements 27 . These data yield dH ab c2 /dT | T =Tc = -4.9 T/K and dH c c2 /dT | T =Tc = -7.7 T/K, hence γ = 1.6. As previously stated 5 , the slopes deduced from specific heat data are generally higher than those deduced from magnetic torque and resistivity data. Actually, the values deduced from Fig. 3, which are significantly lower than those deduced from specific heat measurements for single crystals belonging to the same batch (dH ab c2 /dT | T =Tc = -12 T/K and dH c c2 /dT | T =Tc = -45 T/K, respectively 13 ) are in agreement with resistivity 11 and magnetic torque 15 data. This result suggests that other contributions such as in-plane resistivity variations and vortices dynamics enter the TDO data around T c . The above mentioned anisotropy value is rather small owing to the two-dimensional character of the Fermi surface. Nevertheless, it stays within the very scattered range reported in the literature. Indeed, limiting ourselves to specific heat data, values as different as γ = 1.2 15 and γ = 4 13 have been reported.

Dashed lines in Fig. 3 are the best fits of the WHH model 28 to the data, assuming negligible spinorbit coupling 3 . In this framework, the temperaturedependent upper critical field is given by ln(1/t) =

ψ(1/2 + h/2t) -ψ(1/2) where ψ is the digamma func- tion, t = T /T c and h = 4µ 0 H c2 /[π 2 (-dH c2 /dt) | t=1 ].
Orbital fields deduced from the data in Fig. 3 

(µ 0 H c c2 (0) = -0.69T c dH c2 /dT | T =Tc ) are µ 0 H c c2 ( 
0) = 49 T and µ 0 H ab c2 (0) = 78 T. These values are close to those deduced from resistivity measurements (µ 0 H c c2 (0) = 48 T and µ 0 H ab c2 (0) = 63 T) 11 . However, larger values are deduced from specific heat data (µ 0 H c c2 (0) = 130 T and µ 0 H ab c2 (0) = 400 T 13 ). Hence, the deduced coherence lengths (ξ c = (φ 0 H c c2 (0))/(2π)/H ab c2 (0) = 1.7 nm and ξ ab = φ 0 /2πH c c2 (0) = 2.6 nm) are closer to that derived from resistivity measurements than from specific heat data (ξ c = 0.4 nm and ξ ab = 1.5 nm) 13 .

While this model reproduces fairly well the temperature dependence of H c2 for H c, Pauli pair breaking contribution must be included for H ab. In this case, the orbital critical field is reduced as

µ 0 H P = µ 0 H orb c2 / √ 1 + α 2
where the Maki parameter is given by α = √ 2H orb c2 /H P . A very good agreement with experimental data is obtained with a Pauli field µ 0 H P = 79 T, i.e. α = 1.4 (see solid line in Fig. 3) yielding µ 0 H c2 (0) = 45 T. Whereas no reliable µ 0 H P value could be derived from specific heat data obtained at temperatures above ∼ 10 K, in fields below 28 T 13 , the measured value is close to that deduced from resistivity measurements data (µ 0 H P = 69 T) 11 . It should also be noted that the data for H c can be accounted for by including a small Pauli contribution (α = 0.25), still in agreement with resistivity data. In addition, assuming strong spin-orbit coupling would yield even larger α values 29 . Therefore, Pauli contribution for both field directions cannot be excluded.

Finally, a striking result is the anisotropy inversion occurring at 4 K (γ = 0.9 at 1.6 K). This feature, which is in line with the widely observed reduction of the anisotropy as the temperature decreases 3 , has already been observed at 4 K in magnetic torque 15 and resistivity 11 measurements of FeTe 0.5 Se 0.5 . Such anisotropy inversion which had also been inferred from the extrapolation towards low temperature of specific heat data, albeit at higher temperature (∼ 9 K) 13 remains to be understood.

IV. SUMMARY AND CONCLUSION

Magnetic field-and temperature-dependent superconducting transition of single crystalline FeTe 0.5 Se 0.5 have been studied by contactless tunnel diode oscillator-based measurements. In zero-field, the temperature dependence of the TDO frequency yields a superconducting transition temperature T c = 14.5 K which is in agreement with previous specific heat, magnetic torque and resistivity data.

The WHH model accounts for the temperature dependence of the upper critical magnetic field for magnetic field applied both parallel (H ab) and perpendicular to the conducting ab plane (H c). This result confirm the single band nature of the superconductivity, in agreement with ARPES data. Whereas the data can be accounted for by a negligibly small Pauli pair breaking contribution for H c, Maki parameter α = 1.4, corresponding to Pauli field µ 0 H P = 79 T accounts for the data for H ab. Coherence lengths, deduced from orbital fields, and temperature sensitivity of the critical fields for the two field directions are in good agreement with resistivity data. However, orbital fields are significantly lower than those deduced from specific heat measurements. This result suggests that, in addition to magnetic London penetration depth, other contributions enter the TDO frequency variations.

Finally, the anisotropy of the critical magnetic field, which is already rather small around T c (γ = 1.6) becomes lower than 1 below 4 K. This result, which illustrates the commonly observed decrease of the anisotropy in iron-based superconductors as the temperature decreases, remains to be explained.
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 1 FIG. 1. (color on line) Zero-field temperature dependence of the TDO frequency.

FIG. 3 .

 3 FIG. 3. (color on line) Temperature dependence of the upper critical field Hc2 for magnetic field applied parallel to either the ab plane (blue symbols) or the c direction (black symbols). Dashed lines are the best fits of the WHH model to either the high temperature part of the data (for H ab) or down to the lowest temperature (for H c). Solid line is the best fit to the data for H ab, including a Pauli contribution (µ0HP = 79 T). Hc2 values are determined according to the construction lines exemplified in the insert.
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