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Abstract  15 

Epitaxial thin films of (SnxPb1-x)1-yInyTe were successfully grown by molecular-beam-epitaxy 16 

(MBE) in a broad range of compositions (0 ≤ x ≤ 1, 0 ≤ y ≤0.23). We investigated electronic 17 

phases of the films by the measurements of electrical transport and optical second harmonic 18 

generation. In this system, one can control the inversion of band gap, the electric polarization that 19 

breaks the inversion symmetry, and the Fermi level position by tuning the Pb/Sn ratio and In 20 

composition. A plethora of topological electronic phases are expected to emerge, such as 21 

topological crystalline insulator, topological semimetal, and superconductivity. For the samples 22 

with large Sn compositions (x > 0.5), hole density increases with In composition (y), which results 23 

in the appearance of superconductivity. On the other hand, for those with small Sn compositions 24 

(x < 0.5), increase in In composition reduces the hole density and changes the carrier type from p-25 

type to n-type. In a narrow region centered at (x, y) = (0.16, 0.07) where the n-type carriers are 26 

slightly doped, charge transport with high mobility exceeding 5,000 cm2V-1s-1 shows up, 27 

representing the possible semimetal states. In those samples, the optical second harmonic 28 

generation measurement shows the breaking of inversion symmetry along the out-of-plane [111] 29 

direction, which is a necessary condition for the emergence of polar semimetal state. The thin films 30 

of (SnxPb1-x)1-yInyTe materials systems with a variety of electronic states would become a 31 

promising materials platform for the exploration of novel quantum phenomena.   32 
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1. INTRODUCTION 33 

Recently chalcogenide compounds have attracted revived interest for novel physical 34 

phenomena due to their topological nature of electronic states. To name a few, Bi2Te3, Sb2Te3 and 35 

Bi2Se3 have been intensively studied as topological insulators with inverted band structure [1-4]; 36 

transition-metal dichalcogenides such as WTe2 and MoS2 have intriguing channels for 37 

valleytronics [5], superconductors [6], and quantum spin Hall effect [7]; Fe(Se,Te) is known as a 38 

superconductor and recently found to exhibit a feature of topological superconductivity with spin-39 

helical surface states [8]. In addition to the remarkable physical properties in respective materials, 40 

combinations of these electronic states in the form of heterostructures would host further new 41 

exotic phenomena, including proximity effects of TI junctions with superconductivity [9-11] and 42 

magnetism [12,13]. Versatile electronic states in chemically-similar materials such as all telluride-43 

based compounds are useful to design thin-film heterostructures and explore exotic quantum 44 

phenomena. 45 

SnTe is one of rocksalt tellurides that shows a topological phase termed topological crystalline 46 

insulator (TCI). In TCI, two-dimensional topological surface states appear due to the inversion of 47 

bulk bands, and are protected by mirror reflection symmetry of the crystal structure [14-16]. The 48 

presence of surface states are experimentally verified by angle resolved photoemission 49 

spectroscopy [15,17]. The band inversion can be controlled by substitution of Sn with Pb, which 50 
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enables us to explore the topological phase transition from TCI to trivial insulator [18]. Between 51 

the two phases, emergence of topological semimetals such as Weyl semimetals or nodal line 52 

semimetals by breaking inversion symmetry is theoretically predicted [19]. Experimentally, the 53 

existence of semimetal phase is suggested by the optical and transport measurements with the help 54 

of inherent ferroelectric instability of rocksalt crystal structure as well as external pressure [20-22]. 55 

Furthermore, the Fermi level can be modulated by doping In, which can realize not only high-56 

mobility transport in the semimetal states but also superconductivity [23-27]. These novel 57 

electronic states in PbTe-SnTe system doped with In have been extensively studied especially in a 58 

bulk crystal form. In contrast, such an exploration of various electronic phases in a thin film form 59 

with precisely controlling both Pb and In chemical compositions remains elusive, except for Bi-60 

doped (Sn,Pb)Te thin films [28]. The thin films as well as the heterostructures are indispensable 61 

for the study of quantum transport and device physics, in particular on the topological states of 62 

matter. 63 

Here we investigate the electronic states in (SnxPb1-x)1-yInyTe (SPIT) thin films by the 64 

measurements of electrical transport and optical second-harmonic-generation (SHG). By utilizing 65 

MBE thin film growth technique, we precisely tune the chemical composition and examine the 66 

effect of In-doping (y ≤ 0.23) for SnTe-PbTe system over a full range of Sn/Pb composition (0 67 

≤ x ≤ 1). The superconductivity appears in the samples with x ≥ 0.63 and y ≥ 0.17, where 68 
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the dopant of In acts as an accepter. On the other hand, the semimetal electronic states with 69 

remarkably high mobility transport is observed for samples in a narrow composition region at 70 

around (x, y) ~ (0.16, 0.07) where the n-type carriers are slightly doped. The SHG measurement 71 

for high mobility samples detects the breaking of inversion symmetry characterized by the electric 72 

polarization along out-of-plane [111] direction. The breaking of inversion symmetry is a necessary 73 

condition for a polar semimetal phase that represents the Weyl semimetal state with electric 74 

polarization [29]. A rich variety of the electronic states would make the thin films of SPIT materials 75 

systems an ideal platform to explore novel quantum phenomena.  76 

II. METHODS 77 

We grew SPIT thin films on InP(111)A substrates by MBE. The epi-ready substrates were 78 

annealed at 350 oC in a vacuum before the deposition at 400 oC of thin films. We inserted 2-nm 79 

thick SnTe buffer layers beneath the SPIT layer to stabilize the (111) orientation of SPIT thin films 80 

(Fig. 1(a)). The beam equivalent pressures of Sn and Te for the buffer layer were PSn = 5.0 × 10-6 81 

Pa and PTe = 1 × 10-4 Pa, respectively. For the SPIT layer, the equivalent pressures for cation 82 

elements (Sn, Pb and In) and anion element (Te) were set at PSn + PPb + PIn = 1 × 10-5 Pa and PTe 83 

= 1 × 10-4 Pa, respectively. For example, PSn = 4.0 × 10−6 Pa, PPb = 4.0 × 10−6 Pa and PIn = 2.0 × 84 

10−6 Pa for the nominal compositions of (x, y) = (0.5, 0.25), where x and y respectively represent 85 

the compositions of Sn and In. Actual values of x and y in the films were calibrated by inductively 86 
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coupled plasma mass spectroscopy. The calibrated x value was larger than the nominal one by 0.1 87 

~ 0.2, suggesting that PbTe is more volatile than SnTe, whereas y was almost the same as prescribed. 88 

The growth duration of the SPIT layer was 30 minutes regardless of x. The thickness of SPIT was 89 

30-40 nm which was precisely evaluated by X-ray reflectivity. The growth rate was evaluated to 90 

be 1.0-1.3 nm per minute, which depends on Pb/Sn flus ratio; it was fast when PSn / PPb is large. 91 

As shown in the X-ray diffraction 2- scan (Fig. 1(b)) of SnxPb1-xTe films, sharp (111) and (222) 92 

diffraction peaks with clear Laue oscillations are commonly observed for all Sn composition x, 93 

indicating the high crystallinity of SnxPb1-xTe thin films with indiscernible secondary phases. The 94 

lattice constants of SnTe (x = 1) and PbTe (x = 0) evaluated from the (222) (Fig. 1(b)) diffraction 95 

peak show good agreements with those of bulk value (dashed lines in Fig. 1(c)). The x-dependence 96 

of the lattice constant follows the Vegard’s law, suggesting that Pb is substitutionally replaced with 97 

Sn as intended. The reduction of the lattice constant is observed by In doping in the range of y ≤ 98 

0.23 (XRD data for x = 0.63 and 0.87 series are shown in Section 1 of Supplemental Material [30]).  99 

The longitudinal and Hall resistivities were measured by the standard four-terminal method 100 

with use of Physical Properties Measurement System (PPMS, Quantum Design). The maximum 101 

magnetic field and the lowest temperature are 9 T and 1.8 K, respectively. Optical SHG was 102 

evaluated on the thin film samples mounted in a cryostat (10 K ≤ T ≤ 300 K) [31]. The 1.55 eV 103 

fundamental light (120 fs duration at 1 kHz repetition rate, 200 W on a ~40 m spot) was 104 
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incident at 45° off the normal of the film plane after its polarization set through a /2 plate. The 105 

generated second harmonic (SH) light at reflection geometry was directed to a Glan laser prism, 106 

color filters, and a monochromator, and detected with a photomultiplier tube. The signal was 107 

normalized by that of a reference potassium dihydrogen phosphate crystal, and accumulated more 108 

than 4000 times at each polarization configuration. 109 

III. RESULTS AND DISCUSSION 110 

A. Transport properties 111 

We begin with the results of electrical transport properties for In-free (y = 0) thin films of 112 

SnxPb1-xTe. As shown in Fig. 1(d), longitudinal resistivity xx exhibits a dramatic change depending 113 

on x, ranging over 4 orders of magnitude at T = 2 K. Both of the residual resistivity (Fig. 1(e)) and 114 

carrier density (Fig. 1(f)) at a temperature T = 2 K show monotonic x-dependence; smaller residual 115 

resistivity and larger carrier density with increasing x. Here, the carrier density is evaluated from 116 

the Hall resistivity at a magnetic field lower than 1 T (magnetic field dependences of longitudinal 117 

and Hall resistivities for (x, y) = (0, 0.17), (0.16, 0.02), (0.16, 0.09) and (0.36, 0.09) samples are 118 

shown in Section 2 of Supplemental Material). In this study, all the conducting In-free SnxPb1-xTe 119 

samples (x ≥ 0.05) show the p-type conduction. PbTe (x = 0) that exhibits an insulating behavior 120 

at lower temperatures also shows the p-type conduction at high temperatures. This is in contrast to 121 

the previous literature, where a bulk PbTe crystal was reported to show a metallic conduction with 122 
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n-type carrier [32]. We speculate that the widening of p-type conduction regime in our epitaxial 123 

thin films may come from the difference in the crystal defect formation which causes the deviation 124 

from charge neutrality. 125 

Next, we examine the effect of In doping on SnxPb1-xTe whose x ranges from 0.53 to 1.0, i.e. 126 

Sn-rich region. Figure 2(a) shows the In-doping dependence of xx for five series of samples with 127 

different x values (x ≥ 0.53). While xx in all the y = 0 samples are on the order of 10-4 to 10-3 cm 128 

as seen in Fig. 1(e), xx increases by one or two orders of magnitude with In doping. A remarkable 129 

feature is that some samples with x ≥ 0.63 show superconductivity as evidenced by a sharp drop 130 

in xx. The relation between carrier density and In composition is shown in Fig. 2(b). In the series 131 

with Sn composition x = 1 and 0.87, hole density p increases with increasing In composition y. On 132 

the contrary, in x = 0.63 and 0.53 series, p decreases for a small amount of In doping. Such a non-133 

monotonic y-dependence of p with varying x can be understood by the valence skipping character 134 

of the In element [33]. In other words, In is incorporated as nominal In+ (acceptor) in large x region 135 

and nominal In3+ (donor) in small x and y region. In Fig. 2(b), the samples that show the onset 136 

feature of superconductivity above 1.8 K are represented with filled circles. The superconductivity 137 

appears in samples whose p value is approximately larger than 1020 cm-3
. Figure 2(c) shows the 138 

onset temperature of superconducting transition Tc
onset as a function of p for each x series. Here, 139 

Tc
onset is defined as the crossing point of linear extrapolation from normal conducting region and 140 
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superconducting transition region (as exemplified by the inset of Fig. 2(c)). We can find the 141 

tendency that the sample with larger p shows higher Tc
onset. The maximum Tc

onset in our samples 142 

3.7 K ((x, y) = (0.63, 0.23)) is comparable with the value in a bulk crystal [24].  143 

The magnetic field dependence of xx for (x, y) = (0.63, 0.23) sample is shown in Fig. 3(a). The 144 

superconducting transition is suppressed by the perpendicular magnetic field. We evaluate the 145 

upper critical field μ0Hc2, which we define as the midpoint of superconducting transition. As shown 146 

in Fig. 3(b), μ0Hc2 linearly increases with decreasing temperature. Extrapolation to the 0 K limit 147 

yields μ0HC2(T = 0 K) = 5.8 T.  148 

We examine the transport properties of the SPIT series from x = 0.0 to 0.42, i.e. Pb-rich region, 149 

where In is expected to act as a donor. The temperature dependence of xx (Fig. 4(a)) shows a 150 

variety of transport characteristics from metallic to insulating behavior depending on x and y values, 151 

which contrasts with the metallic transport widely observed in the x ≥  0.53 series. With 152 

increasing y, the carrier density at T = 2 K shown in Fig. 4(b) represents the reduction of p-type 153 

carriers at x = 0.30, and furthermore a p-type to n-type transition at x = 0.16, both of which are 154 

consistent with the donor character of doped In as seen for x = 0.63 and 0.53 series in Fig. 2(b). 155 

The overall trend of the carrier type inversion is also clarified in the color maps of carrier density 156 

as functions of x and y (Fig. 4(c)). The insulating or semiconducting temperature dependence of 157 

xx is explained by the reduction of carrier density that is associated with the carrier inversion. In 158 
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particular, the sample series of x = 0.23 with y ≥ 0.09 show a diverging behavior of xx towards 159 

low temperatures, which suggests the trivial gap opening in bulk bands. On the other hand, the x 160 

= 0.16 series do not show such a resistivity divergence at the carrier type inversion but a metallic 161 

behavior below T = 20 K (y = 0.09, 0.17 and 0.23), representing the possibility of gap closing. In 162 

addition, the color map of mobility  = 1/xxne or 1/xxpe (Fig. 4(d)), where e represents the 163 

elemental charge, shows a high mobility region centered at around (x, y) = (0.16, 0.07) exceeding 164 

5,000 cm2V-1cm-1. The high carrier mobility suggests the presence of the semimetallic electronic 165 

states. xx for the SPIT sample with (x, y) = (0.16, 0.09) exhibits a sharp drop at around T = 20 K 166 

(Fig. 5(a)), which is accompanied by a doubled increase in n (Fig. 5(b)).  167 

B. Optical second harmonic generation measurement 168 

To discuss the possibility of polar semimetal states, the presence or absence of inversion 169 

symmetry is examined for the samples near the gap closing compositions by optical SHG 170 

experiment. Figure 6(a) shows the incident light polarization dependence of p-polarized SH 171 

intensity for the representative SPIT samples. The p-polarized SHG is clearly observed for p-172 

polarized incident light in all the samples regardless of carrier type, which suggests the breaking 173 

of spatial inversion symmetry, namely the onset of the polarity along the out-of-plane of direction 174 

[111]. The observed large temperature and composition dependence of the SH intensity (Fig. 6(b)) 175 

indicates that the symmetry breaking originates from the electronic states in bulk region rather 176 
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than surface/interface. The SH intensities are apparently large in samples with (x, y) = (0.16, 0.02) 177 

and (0.16, 0.09) that have large conductivity and high mobility (Fig. 4(d)), as compared with the 178 

insulating ones such as (x, y) = (0, 0) and (0.23, 0.23). The breaking of spatial inversion symmetry 179 

near the gap closing concomitant with high carrier mobility recalls the polar semimetal state such 180 

as Weyl semimetal.  181 

To investigate the lattice distortion associated with the electric polarization, we performed the 182 

X-ray diffraction measurement. Figures 7(a) and 7(b) show the X-ray reciprocal space maps 183 

around the (222) and (513) Bragg peaks of InP for the SPIT sample with (x, y) = (0.16, 0.02). The 184 

Bragg peaks of InP (222) and SPIT (222) (Fig. 7(a)) is on the line of Q[1-10] = 0, which indicates 185 

that the epitaxial plane of the SPIT thin film is parallel to the substrate. In Fig. 7(b), the Bragg 186 

peak of SPIT (513) is resolved in the vicinity of the InP (513) peak. We can evaluate the in-plane 187 

and out-of-plane lattice constants (displayed in Fig. 7(c)) of the SPIT thin film to be a|| = 4.54 ± 188 

0.01 Å and c = 11.14 ± 0.02 Å, respectively. The corner angle of the unit cell  and 189 

rhombohedral/cubic lattice constants a0 (also displayed in Fig. 7(c)) are  = 89.95 ± 0.13° and a0 190 

= 6.432 ± 0.10 Å. The present result of  appears not to distinctively deviate from the unique 191 

angle of 90o for cubic structure, therefore it is difficult to identify the presence/absence of 192 

rhombohedral distortion within the precision of the present measurement at room temperature.  193 

IV. CONCLUSION 194 
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In summary, we investigated the electronic states in (SnxPb1-x)1-yInyTe thin films by electrical 195 

transport and optical SHG properties. By utilizing MBE thin film growth technique, we precisely 196 

tuned the chemical composition and examine the effect of In doping y while varying the Sn/Pb 197 

composition ratio x. Superconductivity appears in the region of (x ≥ 0.63, y ≥ 0.17), where the 198 

dopant of In acts as an accepter and increases the hole density. On the other hand, emergence of a 199 

semimetal state with high electron mobility is identified in the region centered at (x, y) = (0.16, 200 

0.07), where the n-type carrier is slightly doped by the donor character of In. Broken inversion 201 

symmetry in bulk states of the thin film is detected by optical SHG measurement for those high 202 

mobility samples, which satisfies a necessary condition for the emergence of polar semimetal states 203 

with bulk gap closing. The versatile electronic states in such telluride based topological materials 204 

will lead to the emergent phenomena such as topological superconductivity and anomalous Hall 205 

effect, in particular when they are proximitized with each other in a form of heterostructure 206 

[10,12,34].  207 

  208 
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 209 

Figure 1 (a) Schematic of the sample structure. (b) X-ray diffraction (XRD) patterns in 2- scans 210 

for SnxPb1-xTe thin films with various x. (c) Cubic lattice constant evaluated from the (222) 211 

diffraction peak in Fig. 1(b). Dashed lines represent the bulk values for the lattice constant of PbTe 212 

and SnTe. (d) Temperature dependence of resistivity for SnxPb1-xTe thin films with several x. (e,f) 213 

Sn composition x dependence of resistivity xx (e) and hole carrier density p (f) at T = 2 K. 214 

  215 
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 216 

Figure 2 (a) Temperature dependence of longitudinal resistivity xx for several (SnxPb1-x)1-yInyTe 217 

samples with various x (x > 0.5) and y (y ≤ 0.23) values. (b) y dependence of hole density (p) at 218 

T = 5 K for series of samples with different x. Filled circles indicate the samples that shows 219 

superconductivity (SC). (c) p dependence of onset temperature of superconductivity Tc
onset for 220 

series of samples with different x. Inset shows the definition of Tc
onset for the sample with (x, y) = 221 

(0.63, 0.23).  222 

  223 
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 224 

Figure 3 (a) Temperature dependence of resistivity under out-of-plane magnetic field for (x, y) = 225 

(0.63, 0.23) sample. (b) Temperature dependence of upper critical field μ0Hc2 (red) and 226 

temperature-linear fitting (black line). 227 

 228 

  229 



16 

 

 230 

Figure 4 (a) Temperature dependence of longitudinal resistivity xx for several (SnxPb1-x)1-yInyTe 231 

samples with various x (x < 0.5) and y (y ≤ 0.23) values. (b) y dependence of electron (blue 232 

circles) and hole (red circles) density (n and p, respectively) at T = 2 K for series of samples with 233 

different x. (c, d) Color maps of carrier density (c) and mobility (d) as functions of x and y. The 234 

measured data points are overlaid on the color map with small gray circles.  235 

  236 
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 237 

Figure 5 Temperature dependence of resistivity (a) and electron density (b) for (x, y) = (0.16, 238 

0.09) sample. 239 

 240 

241 
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 242 

Figure 6 (a) Incident light polarization dependence of p-polarized second harmonic (SH) intensity 243 

for six samples with various x(Sn) and y(In) values. (b) Temperature dependence of the SH 244 

intensity with pin-pout geometry. 245 

  246 
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 247 

Figure 7 (a) and (b) Reciprocal space maps of X-ray diffraction peaks around (a) InP (222) and (b) 248 

InP (513) Bragg peaks for SPIT sample with (x, y) = (0.16, 0.02). In-plane and out-of-plane 249 

reciprocal lattice vectors are respectively along to [1-10] and [111] directions. (c) Crystal structure 250 

of (Sn,Pb,In)Te with in-plane lattice constant a||, out-of-plane lattice constant c, corner angle  and 251 

rhombohedral/cubic lattice parameter a0. These parameters satisfy the geometrical relations 252 

sin
α

2
=

a||

2a0
 and 3a0 =√𝑐2 + 3𝑎||

2.   253 
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