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Abstract

:

We studied magnetized topological insulator/superconductor junctions with the expectation of unconventional superconductive states holding Majorana fermions induced by superconductive proximity effects on the surface states of magnetized topological insulators (TIs), attached by conventional superconductors. We introduced Fe-doped BiSbTe2Se as an ideal magnetic TI and used the developed junction fabrication process to access the proximity-induced surface superconducting states. The bulk single crystals of the Fe-doped TI showed excellent bulk-insulating properties and ferromagnetism simultaneously at a low temperature. Meanwhile, the fabricated junctions also showed an insulating behavior above 100 K, as well as metallic conduction at a low temperature, which reflects bulk carrier freezing. In addition, we observed a proximity-induced gap structure in the conductance spectra. These results indicate that the junctions using the established materials and process are preferable to observe unconventional superconducting states which are induced via the surface channels of the magnetized TI. We believe that the developed process can be applied for the fabrication of complicated junctions and suites for braiding operations.
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1. Introduction


Unconventional superconductive states hosting non-Abelian anyons [1,2,3], including Majorana fermions [4] on their surface Andreev bound states [5,6,7], are indispensable constituents for future fault-tolerant quantum computing [8,9]. In principle, superconductive proximity-induced states with strong spin-orbit coupling (SOC) and magnetic fields emulate topological superconductors and odd-frequency superconductors [7,10,11]. Indeed, signatures of Majorana fermions have been observed in Rashba nanowires [12,13,14] and two-dimensional (2D) topological insulator (TI)-based junctions [15,16]. These induced superconductive states are expected to have p-wave symmetry as a gap function Δ [2,11]. In three-dimensional (3D) TI-based junctions, although the origins of zero-bias conduction peaks are still controversial due to the existing bulk carriers [17], such signals are considered to also represent the p-wave superconductivity states [18,19]. Furthermore, the 3D TI-based junctions potentially induce further unconventional superconductivity states, which provide another possible way to access Majorana fermions; the proximity-induced superconductive states depend on the strength and direction of the applied magnetic fields and moments [20,21,22,23].



Recently, we reported the observation of an unconventional proximity effect on an Fe-doped Bi2Te2Se (Fe-BTS)-based Josephson junction [24]. The differential conductance spectra showed an unusual three-peak structure with a tiny peak width (~6 μeV) around a zero-bias voltage. One particularly notable signature was the 4π-periodic Josephson supercurrent under high-power radio-frequency irradiation, which implied the existence of peculiar surface Andreev bound states. However, it was difficult to identify the symmetries of Cooper pairs induced on the junction, due to the complicated conductance spectra, which were possibly derived from the coexistence of several conductance channels: (i) the 2D surface states of magnetic TI; (ii) the 1D edge channel which emerged at the edge of the crystal flakes; and (iii) bulk conduction. Establishing ideal junctions without the contributions of the 1D edge channel and bulk conduction is crucial to observing the proximity effect through the surface states of magnetic TI.



Regarding the contribution of the 1D edge channel, we have to develop a new junction fabrication process avoiding electrical contacts between the electrodes and crystal edges of crystal flakes. As for the contribution of bulk conduction, on the other hand, reducing the number of bulk carriers of the magnetic TIs is essential. The junctions of the Fe-doped Bi2Te2Se were found to exhibit n-type conduction with metallic resistivity (several mΩcm, calculated from reference [24]), whereas non-doped Bi2Te2Se bulk crystals have been reported to have large bulk resistivity [25,26,27] (the carrier type depended on the small amount of composition fluctuation [25,28]). This comparison implies that Fe-substitution acted with electron-doping characteristics. Therefore, in our strategy for achieving a high bulk-insulating nature of magnetized TIs, we focused on the p-type semiconductor BiSbTe2Se [29], and attempted Fe-substitution in the (Bi, Sb) sites.



In this paper, we successfully grew new magnetized TI single crystals with excellent bulk-insulating properties and report a newly developed fabrication process to avoid electrical contacts between electrodes and the crystal edges of the grown crystal flakes (the contribution of the 1D edge channel). As a result, we confirmed the emergence of a proximity effect through the surface states on the grown magnetic TIs. We believe that the established experimental technique and samples will reveal the predicted unusual unique superconductive states on the magnetic TI-based junctions.




2. Results and Discussion


2.1. Crystal Growth and Characterization


In this section, we present the sample quality, chemical composition, and magnetism of single crystals of Fe-doped BiSbTe2Se (Fe-BSTS) and then show the transport properties of the crystals.



Grown bulk single crystals of Fe-BSTS can be easily cleaved at the (0 0 l) planes (Figure 1c). The X-ray diffraction (XRD) from the cleaved planes showed only clear sharp 00l peaks (Figure 1a). The small peaks at slightly lower angles before the high-intensity peaks (e.g., ~40° and 50°) corresponded to reflections of the 00l peaks from the weak CuKβ contributions. Higher angle peaks showed clear CuKα1-CuKα2 peak splitting, with slight peak broadening compared with non-doped BiSbTe2Se (BSTS), ensuring good crystalline quality (Figure 1b). The slight peak shift toward higher angles by the doping indicates lattice shrinking. Indeed, the lattice parameter c of Fe-BSTS was c = 29.96 Å and was slightly smaller than that of BSTS [30], reflecting substitution with smaller atoms of Fe for larger (Bi, Sb) sites. In addition, we also tested the powder XRD measurements of the ground crystal flakes and confirmed that no extra impurity phase was detected. To determine the Fe concentration and distribution of the obtained crystals, we conducted X-ray fluorescence analysis (XRF) to the crystals after the XRD measurements. The typical analytical Fe composition was ~0.01, and this Fe distribution of crystal flakes, at several mm2, was almost homogeneous within the analytical accuracy of XRF. Figure 1d shows the magnetization of the crystals measured at 5 K and indicates ferromagnetism with a narrow hysteresis loop. The saturation magnetization was around 0.065 μB per formula unit. This value can be understood by considering the analytical chemical composition and a possible ionic state of high-spin Fe3+ (5 μB). Therefore, these results indicate that the ferromagnetism observed here is caused by Fe doping in the BSTS, establishing a ferromagnetic TI. Owing to the time-inversion symmetry induced by the ferromagnetism, a gap opening at the Dirac point—i.e., a massive Dirac cone state—should be realized as well, as in [31].



The temperature dependence of the in-plane resistivity of Fe-doped and non-doped BSTS was examined (Figure 1e). The metallic temperature dependence of BSTS was drastically changed into insulator-like dependence by Fe doping. The most notable feature from the resistivity was the high bulk-insulating nature of the Fe-BSTS crystals. The resistivity reached ~10 Ωcm at 5 K and the thermal activation energy Ea was 79 meV above 150 K. The carrier density, evaluated from the standard Hall measurement, was n < 1.6 × 1016 cm−3 at 15 K. These properties are comparable with TIs with the highest insulating properties among Bi–Sb–Te–Se compounds; e.g., BiSbTeSe2 (ρ2K = 4 Ωcm, n2K ~ 1015 cm−3, Ea = 60–80 meV [32]) and Bi1.46Sb0.54Te1.7Se1.3 (ρ4K = 12.6 Ωcm, n4K = 0.2 × 1016 cm−3, Ea = 102 meV [33]). However, the resistivity of the Fe-BSTS at a low temperature became saturated and changed into metallic temperature dependence below 50 K, reflecting the surface metallic channels, as widely observed for surface-dominant TIs [26,27,32,33,34]. This implies that the Fermi level is located at the surface metallic states (out of the opened Dirac gap). Thus, the present material, Fe-BSTS, is expected to have unique surface states; i.e., a massive Dirac cone.



The effects of Fe and Sb substitution for the Bi sites were also confirmed by Seebeck coefficients. In general, the majority carrier type corresponds to the sign of the Seebeck coefficient, and its absolute value inversely depends on the carrier concentration, according to the Mott expression [35]. Seebeck coefficients of Fe-BSTS, non-doped BSTS, and Fe-BTS were found to be ~+500, +380, and −350 μV/K at 300 K, respectively. The majority carrier types of Fe-BSTS and BSTS crystals were p-type, while Fe-BTS were n-type. The larger value of Fe-BSTS than of BSTS reflects its good bulk-insulating nature, which indicates that carriers were compensated by the electron-doping accompanied by the Fe substitution. However, comparison with Fe-BTS indicates that Sb substitution worked as with hole-doping. As a result, the co-substitution in Bi sites realized excellent bulk carrier compensation, as per our strategy. Furthermore, the p-type conduction and the resistivity behavior indicate that the Fermi level is located at the surface states slightly below the Dirac gap. This situation is favorable for pursuing the unusual transport nature of the massive Dirac cones. Considering the Dirac points close to the valence band in the Bi–Sb–Te–Se compounds [31,33,34], slight carrier tuning by the back-gating or the electrical double layer technique [36] can easily tune the Fermi level into or out of the opened gap of magnetic TIs. Therefore, these results indicate that Fe-BSTS has a desirable nature for observing such unique surface states.




2.2. Junction Fabrication and Transport Properties


The conventional semiconductor fabrication technique was applied in the fabrication procedure. Figure 2a summarizes the developed procedure. First, the crystal flakes were repeatedly exfoliated by using Scotch tapes to achieve the desired sample thickness. The flakes were then transferred onto a Si substrate. In the standard process, electrodes are placed directly on the flakes using the appropriate techniques, such as e-beam and/or spattering. In that situation, the electrodes cannot avoid contact with the crystal edge where 1D edge channels may exist. Considering the deposition of electrodes on the thick samples, electrical disconnection may easily occur at the sample edge (Figure 2b). Instead, we performed SiO2 deposition with a thin insulating buffer layer as the second step. Note that to prevent the thermal oxidation of the chalcogenide samples during the SiO2 deposition, the deposition temperature was tuned to low, and a thin buffer layer was located at the top of the samples to prevent direct exposure to plasma. In the third step, SiO2 etching was performed on an appropriated sample area by standard reactive ion etching (RIE) by using CHF3 gases. This etching was carefully finished when it entered the buffer layer. The remaining buffer was removed by wet chemical etching. The final step was the deposition of electrodes. During the whole process, sample flakes were not directly exposed to the oxidation atmosphere and the strong acids/alkalis that may have damaged the crystals. By applying this procedure to Fe-BSTS, we can access surface-dominant transport without 1D edge channels.



One additional benefit of this process is that we can easily achieve good electrical contact even for thick crystals due to the naturally tapered shape of SiO2 formed during SiO2 deposition and RIE etching (see schematic picture in Figure 2b). To obtain good side-wall coverage, electrode deposition is usually conducted with substantial angles, as adopted by Stehno and colleagues [37]. However, our fabrication procedure does not require these techniques.



As a preliminary test to check the emergence of a supercurrent through a surface conduction state, we fabricated Nb/Fe-BSTS/Nb junctions (Figure 2c). The optical micrograph is shown in Figure 2d. The Nb-electrodes with Ti buffer layers were made by the sputtering technique. All fabricated junctions had good electrical contact without disconnection at the crystal edges. The designed electrode width was ~1 μm.



The transport properties of Nb/Fe-BSTS/Nb junctions were measured by the standard lock-in technique. A simplified circuit is depicted in Figure 2c. The temperature dependence of the zero-bias differential resistance showed insulator-like behavior above 100 K, while it was metallic at a low temperature (Figure 3a). This was reflected in the nature of single crystal transport, and the surface-dominant nature also emerged in the junctions. The value of resistance is comparable with the sum of bulk resistance evaluated from the resistivity and estimated contact resistance, ensuring that crystal flakes were not significantly damaged during the developed process. A clear resistance drop was observed at 8.7 K, which corresponds to the superconductive transition temperature of the Nb electrodes. An additional slight resistance drop was found at around 5 K. Comparing the dynamic resistance spectra measured at 7.0 K and 4.0 K (Figure 3b), a gap-like structure was shown to form at around 5 K. The resistance for a bias voltage greater than 2 mV gradually decreased with temperature. This may reflect the temperature dependence of the resistivity of the crystal flake, suggesting that both the two zero-bias resistance drops came from the Nb electrodes. Such a two-step drop is widely observed on Nb-based superconductive junctions, including our previous result [24]. The unique proximity effect possibly started to develop around 2 K (=Tc,prox) where the resistance became increased. At the lowest temperature of 0.4 K, no signature of the Josephson supercurrent was observed. This indicates that the junction behaves as a serially connected S/N junction instead of an S/N/S tunnel or Josephson junctions (S: superconductor, N: normal metal), which allows us to evaluate the density of the states of quasiparticles by differential conductance measurement. Figure 3c shows the conductance spectra of the junctions at 0.4 K. The clear conduction dip structure was confirmed. Usually, the conventional S/N junctions show a U-shaped dip, reflecting the conventional superconductivity states [38]. However, the observed spectra resembled a V-shape.



Similar V-shape dips have been reported in other TI/superconductor (TI/S) junctions [39,40], while the zero-bias conductance peaks have been also detected in TI/S junctions [17,37,41]. As mentioned in the introduction, TI/S junctions are expected to behave as a p-wave superconductor, and both the dip and the peak in the spectra possibly reflect this p-wave nature. According to the theoretical calculation [6,42,43], the spectra of p-wave superconductors drastically change from the peak signals into the dip-like structure, depending on the effective barrier strength Z, and sharp signals at T = 0 K are dulled at finite temperature. This indicates that to discuss spectra shape, we have to consider contact states between TI/S junctions. In the present junction, the observed spectra at T = 0.4 K are quite similar with that of a nodal p-wave superconductor/normal metal junction with the parameters of Z = 2.0 and T = 0.2 Tc [43]. Considering the present situations (TI/S junction without insulating layers and Tc= Tc,prox ~ 2 K), these assumed parameters are reasonable. Thus, as one possible scenario, the nodal p-wave superconductive state may emerge on the Nb/Fe-BSTS/Nb junctions.



The origin of the p-wave nature, on the other hand, is not easily understood because of the existence of strong spin-orbit coupling and magnetic moments in Fe-BSTS. The pair symmetry and its amplitude are strongly dependent on the direction of magnetic moments and junction setups [22]. Indeed, ferromagnet/S junctions on TI [44] and TI ferromagnet/p-wave S junctions [45] are expected to induce different symmetry classes and amplitudes, while both differential conductance spectra are similar with the present case. To identify the pair symmetry, detailed experimental investigations are indispensable. In particular, spectral measurements under a magnetic field with arbitrary direction are promising. Even though we have to check the emergent superconducting states in the near future, the differential conductance spectra indicate that an unusual proximity effect is induced on the Nb/Fe-BSTS/Nb junctions, and the emergence of such an unconventional proximity effect is consistent with surface-dominant proximity effects. To observe concrete evidence of an unusual superconducting nature, we plan to investigate Fe-BSTS-based junctions and will pursue unobserved non-Abelian quasiparticles.





3. Materials and Methods


The single crystals of Fe-BSTS were grown by a modified Bridgman method similar to the case for Fe-BTS [24] and Fe- and Mn-doped Bi2Se3 single crystals [31]. The starting material composition was Fe:Bi:Sb:Te:Se = 0.1:0.95:0.95:2:1, and the appropriated amount of high purity elements was loaded into an evacuated quartz tube with a long, sharp-pointed bottom. The homogeneously melted samples achieved by the method described by Chen et al. [31] were slowly cooled down to 200 °C, and then rapid water quenching was performed. Sample characterization was performed by a conventional XRD measurement using CuKα (D2 PHASER powder diffractometer with LynxExe 1D detector; Bruker, Billerica, MA, USA), and XRF analysis with XGT-5000 (HORIBA: Kyoto, Japan). Magnetization was confirmed using a commercial SQUID magnetometer (MPMS-XL: Quantum Design, San Diego, CA, USA). The resistivity, Seebeck coefficient and Hall coefficient of grown bulk crystals were analyzed with a homemade apparatus with a closed-cycle refrigerator equipped with a superconducting electromagnet.



The junction fabrication process was described in the text in detail. These procedures were performed at National Institute of Advanced Industrial Science and Technology (AIST) and National Institute for Materials Science (NIMS). The transport properties of the fabricated junctions were investigated by a standard lock-in technique with a modulation frequency of 961.1 Hz.




4. Conclusions


To establish the proximity effect through the surface-dominant channels of magnetic TIs, we prepared Fe-BSTS bulk single crystals and developed a fabrication process to avoid contact with the 1D edge channels. The Fe-BSTS bulk crystals had an excellent bulk-insulating nature, which reached 10 Ωcm at low temperatures. The Nb/Fe-BSTS/Nb junctions also showed a surface-dominant transport nature, and the emergence of a superconducting proximity effect was confirmed. These results imply that the junctions based on the Fe-BSTS fabricated by the developed process are promising systems for observing the unconventional proximity effects which are expected to emerge on the magnetic TIs.
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Figure 1. (a) XRD patterns of Fe- BiSbTe2Se (BSTS) and BSTS crystals from cleaved planes. The simulated pattern from the 00l peaks of Fe-BSTS crystal was placed at the bottom; (b) the 0 0 18 peak of Fe-BSTS and BSTS; (c) photograph of typical Fe-BSTS crystals; (d) magnetization of Fe-BSTS recorded at 5 K in the in-plane fields; (e) temperature dependence of in-plane resistivity for Fe-BSTS and BSTS crystals. 
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Figure 2. (a) The developed junction fabrication procedure; (b) schematic pictures describing the possible occurrence of connected (upper) and disconnected (middle) electrical contacts for thin and thick crystals. The bottom represents a conceptual picture for the samples covered by SiO2 with natural tapers; (c) schematic image of fabricated Nb/Fe-BSTS/Nb junctions using the developed process; (d) optical micrograph image of the junctions around the rectangular dotted line of (c). 
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Figure 3. (a) The temperature dependence of the zero-bias differential resistance of the S/Fe-BSTS/S junction. Due to a technical reason, the resistance showed hysteresis only at around 100 K. Inset is an enlarged graph around 10 K; (b) differential resistance dV/dI of the junctions at 0.4, 2.0, 4.0, and 7.0 K; (c) differential conductance dI/dV of the junctions recorded at 0.4 K. The data itself are same as the dV/dI at 0.4 K. 
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