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Abstract

:

We have investigated the Pb-substitution effect upon the superconductivity of NaCl-type In1−xPbxTe. Polycrystalline samples with x = 0–0.8 were synthesized using high-pressure synthesis. The lattice parameter was systematically increased by Pb substitution. For x ≤ 0.6, bulk superconductivity was observed, and the superconducting transition temperature increased from 3 K (for InTe) to 5 K by Pb substitutions. From analyses of specific heat jumps at the superconducting transition, conventional (phonon-mediated) weak-coupling pairing mechanisms were suggested for In1−xPbxTe.
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1. Introduction


Metal chalcogenides have drawn great attention in the research community of superconductivity, because of the observation of high transition temperature (Tc) and unconventional pairing mechanisms in those materials [1,2,3,4,5,6,7,8,9,10,11,12,13,14]. Particularly, SnTe has been extensively studied, because it is a topological crystalline insulator [15], and shows superconductivity when the Sn site was substituted by In or Ag [8,9,10,11,12,13,14]. Although non-doped SnTe also shows superconductivity below 0.3 K [16], hole doping effectively increases Tc to 4.8 K in the In-substituted system [8,9,10,11,12], and to 2.4 K in the Ag-substituted system [13,14]. In addition, possible topological superconductivity has been proposed for the Sn1−xInxTe system [15,17]. Due to these findings, Sn1−xInxTe has been one of hot-topic materials in the superconductivity community. Recently, superconductivity in the In-rich phases of Sn1−xInxTe has been reported [18,19]. The solubility limit of In for the Sn site can be extended to x = 1.0 using high-pressure synthesis [18,19]. Interestingly, the sample with x = 1.0 (pure InTe) with a NaCl-type structure also shows superconductivity (Tc ~ 3 K). As shown in Figure 1a,b, InTe exhibits a pressure-induced structural transition from a TlSe-type to the NaCl-type structure. Although In+ and In3+ occupy different sites in the TlSe-type structure (low-pressure phase), this In occupies a single site in the NaCl-type structure (high-pressure phase). Namely, the valence states of In within the NaCl-type InTe can be regarded as the valence-skipping state of In+ and In3+ [19].



The relationship between valence-skipping states and superconductivity has been typically investigated in Bi-based oxide BaBiO3 [20,21] and Tl-doped PbTe (Pb1−xTlxTe) [22] (See Table 1). In BaBiO3, Bi valence is considered as the valence-skipping state of Bi3+ and Bi5+, and the non-doped phase is an insulator with a perovskite-derived structure. Superconductivity is induced by K doping, and a high Tc ~ 30 K has been observed. In Pb1−xTlxTe, a small amount of Tl was doped for the Pb site in PbTe, which is an n-type semiconductor with an NaCl-type structure. Although the carrier doping amount in Pb1−xTlxTe is quite small, a superconducting transition with a Tc higher than 1 K has been observed, which cannot be explained with conventional electron-phonon pairing. Therefore, InTe and In-doped PbTe (In1−xPbxTe), which are the target phases of this study, are good systems for investigating the relationship between valence skipping and superconductivity.



In this study, we have investigated the effect of Pb substitution on the superconductivity in In1−xPbxTe. In a previous study, the solubility limit of In for the Pb site was reported to be 24% when the materials were synthesized under ambient pressure [23]. This solubility limit can be expanded to the end (InTe, x = 1) by utilizing high-pressure synthesis. We observed an increase in Tc by Pb substitution, and established a superconductivity phase diagram. Possible mechanisms for the superconductivity of In1−xPbxTe have been discussed.




2. Results


Powder X-ray diffraction (XRD) patterns for In1−xPbxTe are shown in Figure 1c. The XRD peak position shifts toward lower angles by Pb substitution, which indicates a lattice expansion by Pb substitution. The XRD patterns were refined using a cubic NaCl-type model (Fm-3m, #225, Oh5) by Rietveld refinement with the RIETAN-FP software [24]. Lattice parameters obtained from refinements are plotted in Figure 1d as a function of Pb concentration x. The lattice parameter monotonically increases with increasing Pb concentration.



Figure 2a shows the temperature dependences of magnetic susceptibility for x = 0–0.8 measured after both zero-field cooling (ZFC) and field cooling (FC). Note that PbTe (x = 1.0) is a narrow-gap semiconductor for this sample, and does not show a superconducting transition. For all the samples, superconducting (diamagnetic) signals were observed, and a large shielding volume fraction was observed for x = 0–0.8. Although we cannot estimate the fraction with demagnetization correction due to the fragile nature of the high-pressure-synthesized sample, the largest shielding fraction is ~180% for x = 0, and the smallest shielding fraction exceeds 130% for x = 0.8. From the temperature dependences of magnetic susceptibility, a Tc (M: magnetic) was estimated as the temperature where a 1% shielding fraction (the dashed line in Figure 2b) is achieved. Tc increases with increasing x up to x = 0.6, while Tc is almost saturated for higher x. The highest Tc of 5.1 K is obtained for x = 0.6, but those for x = 0.4–0.8 are comparable to that for x = 0.6.



Figure 3a shows the temperature dependences of electrical resistivity for x = 0–1.0. In addition, PbTe (x = 1.0) exhibits a semiconducting behavior. For x = 0.8, the insulating behavior of pure PbTe is suppressed, and the temperature dependence becomes almost temperature-independent. With an increasing In concentration (with decreasing x), electrical resistivity decreases, and metallic conductivity is induced. The trend of the temperature dependence of electrical resistivity for PbTe is consistent with a previous study [25]. A zoomed figure for low-temperature resistivity data is displayed in Figure 3b. Zero-resistivity states were observed for all the superconducting samples.



To investigate the superconducting properties of In1−xPbxTe under magnetic fields, electrical resistivity was measured under various magnetic fields. Figure 4a shows the temperature dependences of electrical resistivity for x = 0.4 under magnetic fields up to 3.0 T. To obtain an upper critical field (μ0Hc2) phase diagram, Tc was estimated as the temperature where the resistivity becomes 80% of normal state resistivity near Tconset. The Hc2-temperature data were analyzed by the Werthamer–Helfand–Hohemberg (WHH) model [26], as shown in Figure 4b, and the estimated μ0Hc2 (T = 0 K) was 3.1 T. This value is clearly lower than that expected from the Pauli limit: μ0HPauli = 1.85*Tc.



In Figure 5, results of specific heat (C) experiments for x = 0.2, 0.4 and 0.6 are summarized. As shown in Figure 5a–c, which display the temperature dependences of C/T under 0 and 5 T, a clear specific-heat jump of a superconducting transition (ΔCSC) was observed at Tc. Figure 5d–f show the electronic contributions of specific heat (Cel), which was calculated by subtracting phonon contributions from the total specific heat. The phonon contributions were estimated using a formula of low-temperature specific heat: C (T) = γT + A1T3 + A2T5, where A1T3 + A2T5 describes the phonon contributions at low temperatures. From the temperature dependences of Cel/T, ΔCSC/γTc was estimated as 1.3, 1.4 and 1.3 for x = 0.2, 0.4 and 0.6. The ΔCSC/γTc values are consistent with ΔCSC/γTc = 1.43, which is expected from conventional (phonon-mediated) weak-coupling pairing [27]. Here, we regard a sample showing ΔCSC/γTc close to 1.43 as a bulk superconductor. Therefore, the superconductivity observed in x = 0.2, 0.4 and 0.6 is bulk in nature. We notice that the superconducting transition for x = 0.2 is relatively broad. Although the origin of this broad transition is unclear, compositional inhomogeneity may be locally present, while the XRD profile for x = 0.2 is comparably sharp as other samples. The γ values estimated in the analyses will be used for discussion later.



For x = 0.8, no clear specific-heat jump was observed, as shown in Figure 6a. To investigate the nature of superconductivity for x = 0.8, the specific heat difference (ΔC) was calculated from ΔC = C (0 T) − C (5 T), and plotted as a function of temperature in Figure 6b. Although a clear superconducting jump was not observed in the temperature dependence of C/T, a superconducting transition was observed below 4.9 K. Due to small γ, ΔCSC is not clear, but the value of ΔCSC/γTc is roughly 0.8. Although the ΔCSC/γTc value is obviously lower than that expected from the conventional model, the characteristics of the superconductivity for x = 0.8 is different from so-called filamentary superconductivity, where no superconducting transitions can be detected in specific heat measurements.



Thus, on the basis of the results of magnetic susceptibility, electrical resistivity and specific heat, we consider that the composition of x = 0.8 is located near the boundary between bulk and non-bulk superconductivity. This scenario is consistent with the previous report for x = 0.24 [23] (ambient-pressure sample), which showed the absence of superconductivity.



To obtain information about carrier type and carrier concentration, the x dependence of the Seebeck coefficient at room temperature was measured for In1−xPbxTe (Figure 7). The large negative Seebeck coefficient of −342 μV/K for x = 1 (PbTe) is originated from its nature as an n-type semiconductor. By In substitution, the absolute value of this Seebeck coefficient becomes very small and positive in sign, even for x = 0.8. This suggests that only 20% substitution of In for the Pb site can generate large amount of hole carriers, because of the relationship between the carrier concentration and Seebeck coefficient (S) in metal [28]:


  S =   8  π 2   k B 2   m *  T   3 e  h 2       (   π  3 n    )     2 3    ,  








where kB is the Boltzmann constant, m* is the effective mass of the carrier, e is the elementary charge, h is the Planck constant and n is the carrier concentration.



To further discuss about the evolution of carrier concentration by Pb substitution, γ estimated from specific heat analyses is plotted as a function of x in Figure 8. This γ is the highest for x = 0 (InTe) [18], and decreases with increasing Pb concentration. This suggests that the carrier concentration increases with increasing In concentration in In1−xPbxTe. The transition temperature, however, decreases with increasing In concentration. Since γ is represented as a function of the density of states, this trend is contrasted to what is expected from conventional pairing mechanisms [27], in which a larger γ achieves a higher Tc. Hence, the superconductivity pairing mechanisms of In1−xPbxTe may not be fully explained by the conventional model only.




3. Discussion


In this article, we reported that Tc of NaCl-type InTe (Tc ~ 3 K) can be increased to 5 K by Pb substitution for the In site. We confirmed the bulk nature of superconductivity for 0 ≤ x ≤ 0.6. The Tcs estimated from magnetic susceptibility (Tc (M)), electrical resistivity (Tc (ρ)) and specific heat (Tc (C)) are plotted in a superconductivity phase diagram (Figure 9). For 0 ≤ x ≤ 0.6, Tc increases with increasing x, and reaches the highest at x = 0.6. However, the sample with x = 0.8 also shows a comparable Tc. As mentioned above, the sample (x = 0.8) may be located in the vicinity of bulk-superconducting (bulk SC) and non-bulk superconductivity phases. Therefore, Tc may contentiously increase with increasing Pb concentration up to the boundary where superconductivity is induced.



Although we have not analyzed the pairing mechanisms of In1−xPbxTe so far, we briefly discuss about the possible mechanisms of superconductivity in this system. From specific heat analyses (specific heat jumps at Tc), the conventional phonon-mediated BCS model [27] seems reasonable. The conventional scenario is also consistent with the estimated upper critical field lower than the Pauli limit. However, the relationship between carrier concentration and Tc seems not consistent with the conventional scenario. The inconsistency may be caused by the presence of valence skipping states of In in NaCl-type InTe. As in Pb1−xTlxTe [29], the valence skipping states of In may affect the evolution of superconductivity in In1−xPbxTe. To further clarify that, further experiments sensitive to valence skipping states and local structures, like X-ray absorption spectroscopy and theoretical investigations, are needed.



In conclusion, we have investigated the Pb-substitution effects on crystal structure and normal-state, and the superconducting properties of NaCl-type In1−xPbxTe. Polycrystalline samples with x = 0–0.8 were synthesized using high-pressure synthesis. The lattice parameter systematically increased by Pb substitution. For x ≤ 0.6, bulk superconductivity was observed, and the superconducting Tc increased from 3 K (for InTe) to 5 K by Pb substitutions. From the resistivity measurements under magnetic fields, the upper critical field μ0Hc2 (0 K) was estimated as 3.1 T for x = 0.4. From analyses of the specific heat jump at Tc, conventional (phonon-mediated) weak-coupling pairing mechanisms were suggested for In1−xPbxTe. However, the relationship between γ and Tc estimated from specific heat analyses does not satisfy the prediction of conventional pairing mechanisms. To understand the mechanisms of superconductivity in In1−xPbxTe, investigation on the valence-skipping states would be needed.




4. Materials and Methods


Polycrystalline powders of In1−xPbxTe were prepared by melting a mixture of In (99.99%), Pb (99.9%), and Te (99.999%) grains with a nominal composition of In1−xPbxTe. The mixture was sealed in an evacuated quartz tube and heated at 800 ºC for 10 h. The obtained sample was ground and pelletized into a pellet with a diameter of 5 mm. The pellet was placed in a high-pressure cell, which is composed of a BN sample capsule, a carbon heater capsule, electrodes, and a pyrophyllite cubic cell. The high-pressure synthesis was performed using 180 ton cubic-anvil-type system (CT factory). The pressure used for the high-pressure synthesis was 3 GPa, and the heating temperature was 700 °C for x = 0 and 500 °C for x = 0.2–0.8. The PbTe (x = 1.0) sample was prepared by melting in an evacuated quartz tube without carrying out high-pressure synthesis.



Powder X-ray diffraction (XRD) was performed by the θ-2θ method using MiniFlex600-D/tex-Ultra (RIGAKU) with a CuKα radiation. The crystal structure parameters were refined using the Rietveld method with RIETAN-FP [24]. The crystal structure image was depicted using VESTA [30].



The temperature dependence of magnetic susceptibility was measured using a superconducting quantum interference device (SQUID) magnetometer (MPMS-3, Quantum Design, San Diego, CA, USA) with a typical applied field of 10 Oe after zero-field cooling (ZFC) and field cooling (FC). Electrical resistivity measurements were performed on cryostat (GM refrigerator) equipped with a superconducting magnet (designed by AXIS, Tsukuba, Japan). The temperature dependence of electrical resistivity was measured by a four-terminal method. Au wires with a diameter of 25 μm were attached on the polished surface of the samples by using Ag pastes. A typical current of 1 mA was used for the resistivity measurements. The temperature dependence of specific heat was measured by a relaxation method on the Physical Property Measurement System (PPMS, Quantum Design, San Diego, CA, USA) under 0 and 5 T. The Seebeck coefficient was obtained from the linear slope of the thermo-electromotive force (∆V) versus the temperature difference (∆T) plots.
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Figure 1. (a,b) Schematic images of crystal structure of InTe: (a) ambient-pressure phase with a TlSe-type structure and (b) high-pressure phase with a NaCl-type structure. (c) Powder X-ray diffraction patterns for In1−xPbxTe. Numbers in this figure are Miller indices. (d) Pb concentration (x) dependence of lattice parameter of a for In1−xPbxTe. 
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Figure 2. (a) Temperature dependences of magnetic susceptibility 4πχ for In1−xPbxTe. (b) Zoomed plot of the temperature dependences of magnetic susceptibility. The dashed line indicates 1% shielding line in the zero-field cooling (ZFC) data, which was used for estimation of magnetic Tc (M). 
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Figure 3. (a) Temperature dependences of electrical resistivity for In1−xPbxTe. (b) Low-temperature data of the temperature dependences of electrical resistivity for In1−xPbxTe. 
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Figure 4. (a) Temperature dependences of electrical resistivity for x = 0.4 under magnetic fields of 0–3 T. (b) Temperature dependence of μ0Hc2 for x = 0.4 where Tc was estimated as the temperature where the resistivity becomes 80% of normal state resistivity just above Tconset. The dashed line is the fitting result by the Werthamer–Helfand–Hohemberg (WHH) model. 
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Figure 5. (a–c) Temperature dependences of C/T measured at 0 and 5 T for x = 0.2, 0.4 and 0.6. (d–f) Temperature dependences of electronic specific heat Cel/T measured under 0 T for x = 0.2, 0.4 and 0.6. 
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Figure 6. (a) Temperature dependences of C/T measured at 0 and 5 T for x = 0.8. (b) Temperature dependences of specific heat jump ΔC/T for x = 0.8: ΔC was calculated by subtracting C (5 T) from C (0 T). 
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Figure 7. Pb concentration (x) dependence of the Seebeck coefficient for In1−xPbxTe. The inset shows a zoomed plot for x = 0–0.8. 
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Figure 8. Pb concentration dependence of γ (electronic-specific-heat parameter) and Tc estimated from specific heat analyses for In1−xPbxTe. γ = 0 was assumed for semiconducting PbTe (x = 0). 
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Figure 9. Superconductivity phase diagram for In1−xPbxTe. Tc (M), Tc (ρ), and Tc (C) denote Tcs estimated from magnetic susceptibility, electrical resistivity, and specific heat, respectively. 
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Table 1. Comparison of crystal structure, valence states, and physical properties of Ba1−xKxBiO3, Pb1−xTlxTe and In1−xPbxTe.
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	Composition
	Ba1−xKxBiO3
	Pb1−xTlxTe
	In1−xPbxTe



	Crystal structure
	Cubic (Pm-3m)
	Cubic (Fm-3m)
	cubic (Fm-3m)



	Possible valence skipping states
	Bi3+, Bi5+
	Tl+, Tl3+
	In+, In3+



	Maximum Tc (K)
	30 (x = 0.4) [21]
	1.3 (x = 0.013) [22]
	5.1 (x = 0.6)
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