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Abstract

:

Strained trigonal Te has been predicted to host Weyl nodes supported by a non-symmorphic chiral symmetry. Using low-pressure physical vapor deposition, we systematically explored the growth of trigonal Te nanowires with naturally occurring strain caused by curvature of the wires. Raman spectra and high mobility electronic transport attest to the highly crystalline nature of the wires. Comparison of Raman spectra for both straight and curved nanowires indicates a breathing mode that is significantly broader and shifted in frequency for the curved wires. Strain induced by curvature during growth therefore may provide a simple pathway to investigate topological phases in trigonal Te.
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1. Introduction


Chiral materials possess structures with well-defined left- or right-handedness, which can be inverted by several symmetry operations, such as spatial inversion, mirror reflection, and roto-inversion. The structural chirality has been recognized to play an important role in diverse disciplines [1,2]. In condensed matter physics, the structural chirality of chiral crystals has been known to lead to a wide spectrum of electronic, magnetic, and optical phenomena, including chiral magnet and skyrmions [3,4], unusual optical and transport properties [5,6], etc. Recently, there has been growing interest in chiral crystals, owing to their topological nature. It has been predicted that the Kramers–Weyl nodes, which are locked at the time reversal invariant momenta (TRIM) in the Brillouin zone (BZ) and thus robust against annihilation [7], occur universally in all non-magnetic chiral crystals with spin–orbit coupling [4].



Among various chiral crystals, trigonal tellurium (Te) and Selenium (Se) are particularly interesting due to the potential to support highly tunable topological states. Trigonal Te crystallizes as helical chains with three atoms per turn along the c-axis (the screw axis), with chains ordered in hexagonal arrays within the a–b plane (Figure 1). Depending on the chirality of the screw axis, the space group can be P3121 (right-handed) or P3221 (left-handed). Although pristine Te at ambient pressure is a band semiconductor with an indirect gap of 0.3 eV [8], a transition to a strong topological insulator has been predicted for Te under shear strain [9]. Recent theoretical calculations have further revealed multiple pairs of Weyl nodes even in pristine Te and Se, which are protected by the non-symmorphic screw symmetry of a three-fold helical lattice [8,10]. Unlike the Kramers–Weyl nodes in chiral crystals mentioned above, the Weyl nodes in Te are not located at TRIM, so they display great tunability. For example, applying pressure on Te up to 2.17 GPa closes the band gap near the BZ H point (see Figure 1b for BZ for Te) and eventually creates multiple pairs of Weyl nodes near the Fermi level at the K–H line, leading to an inversion symmetry-breaking Weyl semimetal state [8]. These Weyl nodes are further movable along the K–H line with increasing pressure [8,10].



Unlike the tantalum arsenide (TaAs) family [11,12,13,14,15,16,17,18,19,20,21], which has been well-established as the inversion symmetry-breaking Weyl semimetals, the potential Weyl states in pristine and pressurized Te and Se, though predicted at almost the same time as the TaAs family, remain unexplored experimentally, with the exception of a recent report on angle-resolved photoemission spectroscopy for the valence band of bulk Te that reveals signatures consistent with Weyl nodes at and near the H point [22], and the possible quantum Hall effect of “massive” Weyl fermions [23]. The lack of reported progress investigating the topological properties of Te could originate in the experimental difficulty handling samples under hydrostatic pressure. In this work, we take advantage of the negative compression modulus along the c-axis in Te [24] to develop a pathway to investigate the potential Weyl states, as well as their tunability in curved Te nanowires. We show that, with the integration of strain and electrostatic gating, Te nanowires provide a versatile platform that will eventually allow electronic and spectroscopic characterization of the predicted Weyl states.




2. Materials and Methods


The Te nanowires used in this work were synthesized via a home-built physical vapor deposition (PVD) technique, as will be described in more detail later. Nanowires were characterized using polarized Raman spectroscopy (Horiba Jobin), scanning electron microscopy (SEM, FEI Nova Nanolab), and electronic transport. Raman spectra were collected using an excitation wavelength of 633 nm and an approximate power of 600 µW. Polarization of the excitation was adjusted with a half wave plate to be parallel to the c-axis of the nanowires (tangent to the curve for curved nanowires). Devices for electronic transport characterization were fabricated using a combination of electron beam lithography, thermal evaporation, and lift-off. A crucial fabrication detail to eliminate native oxide on the Te nanowires is a two-minute etch in 25% hydrochloric acid prior to contact deposition to remove a 4 nm thick native oxide. Transport measurements were voltage-biased DC current measurements.




3. Results


3.1. Nanowire Synthesis


As shown in Figure 1a, the chemical bonds in Te are highly anisotropic, with relatively strong bonds within the helical chains and relatively weak bonds between them. The degree of bonding anisotropy is intermediate between strongly layered and strongly 3D extremes, and these helical crystals have been described in the literature as both quasi-one-dimensional (1D) weakly bonded solids [25] and 1D van der Waals materials [26]. Anisotropic bonding in these materials is sufficient to permit synthesis of 1D nanowires [26,27,28,29,30,31,32] and two-dimensional (2D) flakes [33,34,35,36,37,38], as well as mechanical exfoliation of bulk crystals [39]. The relatively low melting (450 °C) and boiling points (988 °C) of Te permit 1D nanowires and 2D nano-flakes of Te to be easily synthesized via low-pressure physical vapor deposition (LP-PVD), as has been reported before [40,41]. In our experiments, the nanowire growth was conducted in a dual-heating zone tube furnace with the elemental source material (pure Te, 10 mg) and a growth substrate placed in hotter and colder zones, respectively, separated by 20 centimeters (Figure 2a,). At appropriate temperatures for both zones, the source vapor is carried by a flow of Ar gas from the hotter zone to colder zone, and condenses on the substrate to form nanostructures. In our growths, the Ar flow is turned on prior to the growth to flush the growth chamber, and turned off after growth ends, followed by a natural cool down of the furnace.



With more than 100 growths with varying growth parameters, including temperature, Ar flow rate, chamber pressure, and growth duration, we mapped out the parameter space of growth conditions. We found that most of the successful growths occurred with the hot and the cold zones being kept at 450–550 °C and 200–350 °C, respectively. The density and morphologies of the nanostructures are sensitively dependent on the Ar flow rate and chamber pressure. As summarized in Figure 2b, high pressure clearly favors denser growth, while increasing the Ar flow rate leads to enhanced diameter of nanowires and even prompts the formation of 2D flakes.



In addition to the straight nanowires, curved wires appear when the chamber pressure is above 40 Torr. As will be discussed later, curved nanowires with built-in strain provide a versatile platform for electronic and spectroscopic characterization of the predicted Weyl states. Among various parameters, pressure provides a threshold of 40 Torr, above which curved nanowires start to form. Below this threshold, the growths regardless of any combination of other parameters are unable to fabricate curved nanowires. However, the curvature of nanowires appears not to be tunable with pressure. Above the threshold pressure (40 Torr), curved wires with varied curvatures can be obtained on the same substrate in each growth.




3.2. Characterizations of Te Nanowires


The electronic properties of the synthesized nanowires were examined by the standard two-terminal field-effect transistor devices (Cr/Au contacts) with a back gate. In Figure 3, we show the ambipolar, predominantly p-type transport of a typical device fabricated with a 160 nm-thick Te nanowire (Figure 3a), from which an on–off ratio of 8 × 103 was observed at 10 K. A contact resistance-limited, two-terminal field-effect mobility of 1000 cm2/Vs can be extracted from the device transconductance shown in Figure 3b. The mobility is reduced with increasing temperature, reaching 200 cm2/Vs at room temperature, which is comparable with other reports [27,42,43] and demonstrates the quality of the crystallinity of our Te nanowires. We estimated the mobility using the following equation [44]:


   μ =    g m   L G    2      CV   sd       



(1)




where     g m     =        dI   sd       dV  g      ,     L G     is the gate length, C is the capacitance of the wire, and     V  sd      is the bias voltage. Capacitance C was calculated by using Equation (2) [44],


   C =   2    π ε L   G    ln  [     t  ox   + a +     (  t  ox   + a )  2  −  a 2     a   ]      



(2)




where   ε   is the insulator dielectric constant,     t  o x      is the insulator thickness, and a is the Te wire radius. Parameters for the device measured are gm = 4 × 10−7 S, LG = 5 µm, Vsd = 50 mV, C = 4.8 × 10−16 F, ε = 3.9, tox = 300 nm, and a = 80 nm.



Temperature-dependent resistance of a representative nanowire shows metallic behavior at zero backgate voltage, consistent with the strongly p-type character of the wires (Figure 3b), assuming Schottky-dominated contact resistance, which increases at low temperatures. The numerically calculated transconductance of the device at 10 K reaches a peak at a gate voltage of 45 V, followed by a minimum at lower gate voltages (Figure 3d). We speculate that this minimum originates from interband scattering, as trigonal Te has several bands adjacent to the valence band maximum [45]. We also observed transconductance oscillations near pinch-off, as shown in Figure 3d (above 45 V on the gate). Determining whether these oscillations originate from disorder, Coulomb blockade, or other mesoscopic mechanisms would require further investigation at lower temperatures.




3.3. Strain Engineering of Te Nanowires


As has been introduced above, Te nanowires are particularly interesting candidates that may host tunable inversion symmetry-breaking Weyl states [8,10]. However, the requirement of hydrostatic pressure [8,10] imposes a great challenge for the experimental characterization of Weyl states in these materials. Here, we introduce strain-engineering to manipulate the predicted Weyl phase in Te. The quasi-1D helical chain structure of Te generates a negative compression modulus along the c-axis (the chain direction) [24]; hence, applying hydrostatic pressure causes the helical Te chain to elongate along the c-axis, i.e., the uniaxial tensile strain along c analogizes the effect of hydrostatic pressure. In fact, before the concept of inversion symmetry-breaking Weyl state was fully established, tensile strain along c was predicted to close the band gap at the BZ H point for Te [9]. Such strain-induced gap closing [9] is indeed analogous to the scenario for the pressurized sample [8].



With this in mind, Te nanowires are particularly suitable for strain engineering, given the convenient strain application and large achievable strain in nanostructures as compared to bulk. Here, we demonstrate a new approach to apply strain in Te nanowires, the intrinsic built-in strain in curved nanowires.



Strain application using a flexible substrate has been widely reported for various nanostructures [46,47,48,49], including 2D Te flakes [35]. According to the first principles calculations, a transition to Weyl semimetal occurs at a pressure of 2.17 GPa, which corresponds to an elongation along the c-axis of less than 1% [24]. While the strain can be estimated from the bending of the substrate, Raman spectroscopy provides a convenient characterization of the strain effect. As shown in Figure 2c, the unstrained Te nanowire displays characteristic A1 and E2 Raman modes at 121 and 140 cm−1 at room temperature, respectively, which agrees well with the previous reports for polarization parallel to the c-axis [50,51]. While mechanical bending works for both nanowires and the 2D flakes, one advantage of using nanowires is to take advantage of the built-in strain in curved wires, which provides an alternative and natural way to explore the possible Weyl state in Te and Se. As discussed before, during our synthesis efforts, curved Te nanowires with various curvatures can be obtained when chamber pressure is above a threshold pressure of 40 Torr. Tensile, compressive, and shear strains may all be present in a curved nanowire at different radial locations. Curvature radii down to 2 µm have been observed in our growths (Figure 4), typically among nanowires with smaller diameters. For a bent cylinder, the axial strain is ε = x/ρ, where x is the radial distance from the center of the nanowire, and ρ is the radius of curvature of the wire (Figure 4c). We therefore expect, based on nanowire dimensions measured by SEM (Figure 4b), that strains of +/− a few percent should be achievable using naturally strained Te nanowires of this type.



Optical and SEM images of a representative curved Te nanowire are shown in Figure 4a,b. We obtained indirect characterization of the strain state of this and three similar curved Te nanowires from the same growth using Raman spectroscopy (Figure 5a). As expected, both uniaxial strain and hydrostatic pressure have been shown previously to significantly shift the position of Raman active modes in Te [35,52]. Focusing on the most intense mode in the Raman spectrum of Te, the A1 breathing mode, we find that straight Te nanowires display strongly uniform peak positions and widths (Figure 5b), while curved nanowires on average have broader peaks and significant shifts up and down in frequency, relative to straight wires. These results are consistent across measurements of four curved and three straight nanowires from the same growth on the same substrate.



To estimate the significance of frequency shifts of approximately 0.5 cm−1, we note that hydrostatic pressure of 4 GPa shifts the A1 mode of Te lower by about 10 cm−1 [52], while the same mode shifts lower with c-axis uniaxial strain of 1% by 1 cm−1 [35]. Thus, the shifts observed in our experiment might correspond to equivalent pressures of approximately 0.2 GPa or strains of 0.5%. Although a pressure an order of magnitude larger is expected to be necessary to achieve a transition to the Weyl semimetal state in Te, we note that our diffraction-limited spectroscopy samples the entire cross-section of the nanowire, which is expected to have regions of both compressive and tensile strain. Therefore, the most strained portions of the wire on the inner and outer edges may not be well represented in our spatially averaged spectra. We speculate that the fact that both redshifts and blueshifts were observed may be caused by the comparable length scales of the diffraction-limited laser spot and the nanowire diameters: Random misalignment of the beam could preferentially sample the tensile strained outer edge or the compressive strained inner edge of the nanowire. Future experiments using high-resolution tip-enhanced Raman spectroscopy will be required to clarify this point.



To clarify the predicted evolution of topological electronic states, a systematic study on Te nanowires with various diameter and curvature is needed. As mentioned above, among various parameters in our PVD growths, the chamber pressure appears to act as a switch turning on the curved wire formation at 40 Torr, but pressure is less efficient in fine-tuning the diameter and curvature of nanowires. On the other hand, since the diameter of the nanowires is highly dependent on the flow rate of the carrier gas (Figure 2b), fine-tuning of the flow rate could provide a control knob for the strain in nanowires, which will be investigated in future studies.





4. Discussion: Experimental Examination of the Weyl State in Strained Te Nanowires


The predicted strain-induced Weyl semimetal phase can be conveniently examined by magneto-transport measurements. Established common transport evidence [7,53,54] of a Weyl state includes the non-trivial Berry phase, which can be obtained from quantum oscillation [53], the planar Hall effect (PHE) [55,56,57], and the negative magnetoresistance (MR) induced by the chiral anomaly [56,58,59,60]. In topological materials, the non-trivial band topology gives rise to a non-trivial Berry phase, which shifts the phase of quantum oscillations. Quantum oscillations on unstrained bulk [61,62] and 2D Te [35] have been reported under a moderate magnetic field. From the Landau fan diagram established from the Shubnikov–de Haas quantum oscillation in MR, however, trivial Berry phase has been extracted [63], which does not support the existence of topological band. This could be understood in terms of the fact that the Weyl points predicted in the pristine Te are deep below the Fermi level and may not contribute to transport [8]. However, like pressurized Te [8], the strained sample should display Weyl points at the Fermi level, which would give rise to non-trivial Berry phase that can be probed in quantum oscillation.



One practical problem of the quantum oscillation experiment in nanowires is the size effect that may prohibit the formation of complete cyclotron orbits. From semiclassical theory, the cyclotron radius of the nth Landau level is given by     r n  =  l B   n    , where     l B  =   ℏ / e B      is the magnetic length. For unpressurized pristine Te, n reaches 8 at B = 10 T [63]. Assuming the nanowire is clean enough that Landau levels are sufficiently sharp to be distinguished from each other, a minimum diameter of 23 nm is required to observe quantum oscillations at 10 T. It is worth noting that this value is expected to change in strained samples, because the size of Fermi surface varies with strain, which alters the quantum oscillation frequency and consequently changes the Landau level index n for given B.



The PHE describes the finite transverse Hall signal, even with the in-plane magnetic field, which is another consequence of non-trivial Berry phase and has been probed in various Dirac and Weyl semimetals [53,55,56,57,64,65]. Because a Hall bar geometry is needed to contact the sample, it is more suitable for 2D flakes rather than nanowires, with strain being applied by using the flexible substrate.



Compared to quantum oscillations and PHE, the chiral anomaly is more feasible and particularly applicable for nanowire samples. Chiral anomaly describes non-conservation of chiral charges, which originates from charge pumping between two Weyl cones with opposite chirality under parallel electric and magnetic fields. Such a phenomenon leads to negative longitudinal magnetoresistance, which has been claimed to exist in various topological materials [7,53,54]. However, a classical effect, current jetting, can also lead to negative longitudinal MR. In electron transport, once large conductance anisotropy is present, equipotential lines are strongly distorted, and thus, the current forms “jets”, which could lead to negative longitudinal MR, particularly for asymmetric point-like electrical contacts and irregular sample shape [66,67]. For nanowires, however, current jetting should be minimized because of the large aspect ratio and symmetric voltage contacts fabricated by lithography. Therefore, the observation of negative longitudinal MR in strained, non-magnetic Te nanowires would provide strong support for the presence of topological non-trivial bands near the Fermi level.



In addition to strain, electrostatic gating provides another tuning parameter that is particularly useful to fine-tune the Fermi level to approach Weyl points. Gating has already been demonstrated in a previous section on unstrained, semiconducting nanowires. For the much more metallic Weyl semimetal phase in strained nanowires [6], effective gating is still possible with thin wires or with ionic liquid gating, as has been demonstrated in other metallic systems [68,69,70].







Author Contributions


Growth, R.B.; K.P.; and T.H.; Raman, T.H.; M.H.D. and H.C; Device Fabrication and characterization, T.H.; S.D.; K.M.W., and H.O.H.C.; writing, M.H.D.; R.B.; H.O.H.C.; and J.H.; supervision, H.O.H.C. and J.H.




Funding


J.H. acknowledges support from the U.S. Department of Energy (DOE), Office of Science, Basic Energy Sciences program under award DE-SC0019467 (personnel, growth, and material characterizations), H.O.H.C. is supported by DOE award number DE-SC0019467 (material characterization) and NSF award number DMR-1841821 (device fabrication). K.M.W. acknowledges support from NSF award number EEC-1757979.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barron, L.D. Chirality and Life. Space Sci Rev 2008, 135, 187. [Google Scholar] [CrossRef]

	



Wagniere, G.H. On Chirality and the Universal Asymmetry; Wiley-VCH: New York, NY, USA, 2007. [Google Scholar] [CrossRef]

	



Bogdanov, A.; Hubert, A. Thermodynamically stable magnetic vortex states in magnetic crystals. J. Magn. Magn. Mater. 1994, 138, 255–269. [Google Scholar] [CrossRef]

	



Chang, G.; Wieder, B.J.; Schindler, F.; Sanchez, D.S.; Belopolski, I.; Huang, S.-M.; Singh, B.; Wu, D.; Chang, T.-R.; Neupert, T.; et al. Topological quantum properties of chiral crystals. Nat. Mater. 2018, 17, 978–985. [Google Scholar] [CrossRef] [PubMed]

	



Rikken, G.L.J.A.; Fölling, J.; Wyder, P. Electrical Magnetochiral Anisotropy. Phys. Rev. Lett. 2001, 87, 236602. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez, D.S.; Belopolski, I.; Cochran, T.A.; Xu, X.; Yin, J.-X.; Chang, G.; Xie, W.; Manna, K.; Süß, V.; Huang, C.-Y. Topological chiral crystals with helicoid-arc quantum states. Nature 2019, 567, 500. [Google Scholar] [CrossRef] [PubMed]

	



Armitage, N.P.; Mele, E.J.; Vishwanath, A. Weyl and Dirac semimetals in three-dimensional solids. Rev. Mod. Phys. 2018, 90, 015001. [Google Scholar] [CrossRef]

	



Hirayama, M.; Okugawa, R.; Ishibashi, S.; Murakami, S.; Miyake, T. Weyl Node and Spin Texture in Trigonal Tellurium and Selenium. Phys. Rev. Lett. 2015, 114, 206401. [Google Scholar] [CrossRef] [PubMed]

	



Agapito, L.A.; Kioussis, N.; Goddard, W.A.; Ong, N.P. Novel Family of Chiral-Based Topological Insulators: Elemental Tellurium under Strain. Phys. Rev. Lett. 2013, 110, 176401. [Google Scholar] [CrossRef] [PubMed]

	



Murakami, S.; Hirayama, M.; Okugawa, R.; Miyake, T. Emergence of topological semimetals in gap closing in semiconductors without inversion symmetry. Sci. Adv. 2017, 3, e1602680. [Google Scholar] [CrossRef]

	



Huang, S.-M.; Xu, S.-Y.; Belopolski, I.; Lee, C.-C.; Chang, G.; Wang, B.; Alidoust, N.; Bian, G.; Neupane, M.; Zhang, C.; et al. A Weyl Fermion semimetal with surface Fermi arcs in the transition metal monopnictide TaAs class. Nat. Commun. 2015, 6, 7373. [Google Scholar] [CrossRef]

	



Weng, H.; Fang, C.; Fang, Z.; Bernevig, B.A.; Dai, X. Weyl Semimetal Phase in Noncentrosymmetric Transition-Metal Monophosphides. Phys. Rev. X 2015, 5, 011029. [Google Scholar] [CrossRef]

	



Lv, B.Q.; Weng, H.M.; Fu, B.B.; Wang, X.P.; Miao, H.; Ma, J.; Richard, P.; Huang, X.C.; Zhao, L.X.; Chen, G.F.; et al. Experimental Discovery of Weyl Semimetal TaAs. Phys. Rev. X 2015, 5, 031013. [Google Scholar] [CrossRef]

	



Yang, L.X.; Liu, Z.K.; Sun, Y.; Peng, H.; Yang, H.F.; Zhang, T.; Zhou, B.; Zhang, Y.; Guo, Y.F.; Rahn, M.; et al. Weyl semimetal phase in the non-centrosymmetric compound TaAs. Nat. Phys. 2015, 11, 728–732. [Google Scholar] [CrossRef]

	



Xu, S.-Y.; Alidoust, N.; Belopolski, I.; Yuan, Z.; Bian, G.; Chang, T.-R.; Zheng, H.; Strocov, V.N.; Sanchez, D.S.; Chang, G.; et al. Discovery of a Weyl fermion state with Fermi arcs in niobium arsenide. Nat. Phys. 2015, 11, 748–754. [Google Scholar] [CrossRef]

	



Souma, S.; Wang, Z.; Kotaka, H.; Sato, T.; Nakayama, K.; Tanaka, Y.; Kimizuka, H.; Takahashi, T.; Yamauchi, K.; Oguchi, T.; et al. Direct observation of nonequivalent Fermi-arc states of opposite surfaces in the noncentrosymmetric Weyl semimetal NbP. Phys. Rev. B 2016, 93, 161112. [Google Scholar] [CrossRef]

	



Xu, D.-F.; Du, Y.-P.; Wang, Z.; Li, Y.-P.; Niu, X.-H.; Yao, Q.; Dudin, P.; Xu, Z.-A.; Wan, X.-G.; Feng, D.-L. Observation of Fermi Arcs in Non-Centrosymmetric Weyl Semi-Metal Candidate NbP. Chin. Phys. Lett. 2015, 32, 107101. [Google Scholar] [CrossRef]

	



Liu, Z.K.; Yang, L.X.; Sun, Y.; Zhang, T.; Peng, H.; Yang, H.F.; Chen, C.; Zhang, Y.; Guo, Y.F.; Prabhakaran, D.; et al. Evolution of the Fermi surface of Weyl semimetals in the transition metal pnictide family. Nat. Mater. 2015, 15, 27. [Google Scholar] [CrossRef]

	



Xu, N.; Weng, H.M.; Lv, B.Q.; Matt, C.E.; Park, J.; Bisti, F.; Strocov, V.N.; Gawryluk, D.; Pomjakushina, E.; Conder, K.; et al. Observation of Weyl nodes and Fermi arcs in tantalum phosphide. Nat. Commun. 2015, 7, 11006. [Google Scholar] [CrossRef]

	



Xu, S.-Y.; Belopolski, I.; Sanchez, D.S.; Zhang, C.; Chang, G.; Guo, C.; Bian, G.; Yuan, Z.; Lu, H.; Chang, T.-R.; et al. Experimental discovery of a topological Weyl semimetal state in TaP. Sci. Adv. 2015, 1. [Google Scholar] [CrossRef]

	



Xu, S.-Y.; Belopolski, I.; Alidoust, N.; Neupane, M.; Bian, G.; Zhang, C.; Sankar, R.; Chang, G.; Yuan, Z.; Lee, C.-C.; et al. Discovery of a Weyl Fermion semimetal and topological Fermi arcs. Science 2015, 349, 613–617. [Google Scholar] [CrossRef]

	



Nakayama, K.; Kuno, M.; Yamauchi, K.; Souma, S.; Sugawara, K.; Oguchi, T.; Sato, T.; Takahashi, T. Band splitting and Weyl nodes in trigonal tellurium studied by angle-resolved photoemission spectroscopy and density functional theory. Phys. Rev. B 2017, 95, 125204. [Google Scholar] [CrossRef]

	



Qiu, G.; Niu, C.; Wang, Y.; Si, M.; Zhang, Z.; Wu, W.; Ye, P.D. Quantum Hall Effect of Massive Weyl Fermions in n-type Tellurene Films. arXiv 2019, arXiv:1908.11495. [Google Scholar]

	



Keller, R.; Holzapfel, W.B.; Schulz, H. Effect of pressure on the atom positions in Se and Te. Phys. Rev. B 1977, 16, 4404–4412. [Google Scholar] [CrossRef]

	



Cheon, G.; Duerloo, K.-A.N.; Sendek, A.D.; Porter, C.; Chen, Y.; Reed, E.J. Data Mining for New Two- and One-Dimensional Weakly Bonded Solids and Lattice-Commensurate Heterostructures. Nano Lett. 2017, 17, 1915–1923. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Dai, W.; Ye, X.; Zuo, F.; Xie, Y. Photothermally Assisted Solution-Phase Synthesis of Microscale Tubes, Rods, Shuttles, and an Urchin-Like Assembly of Single-Crystalline Trigonal Selenium. Angew. Chem. Int. Ed. 2006, 45, 2571–2574. [Google Scholar] [CrossRef]

	



Liang, F.; Qian, H. Synthesis of tellurium nanowires and their transport property. Mater. Chem. Phys. 2009, 113, 523–526. [Google Scholar] [CrossRef]

	



Lan, W.-J.; Yu, S.-H.; Qian, H.-S.; Wan, Y. Dispersibility, Stabilization, and Chemical Stability of Ultrathin Tellurium Nanowires in Acetone: Morphology Change, Crystallization, and Transformation into TeO2 in Different Solvents. Langmuir 2007, 23, 3409–3417. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.-Y.; Liu, Y.; Ma, X.; Chen, H.-Y. Rapid, Large-Scale Synthesis and Electrochemical Behavior of Faceted Single-Crystalline Selenium Nanotubes. J. Phys. Chem. B 2006, 110, 9041–9047. [Google Scholar] [CrossRef]

	



Ren, L.; Zhang, H.; Tan, P.; Chen, Y.; Zhang, Z.; Chang, Y.; Xu, J.; Yang, F.; Yu, D. Hexagonal Selenium Nanowires Synthesized via Vapor-Phase Growth. J. Phys. Chem. B 2004, 108, 4627–4630. [Google Scholar] [CrossRef]

	



Yang, Y.; Wang, K.; Liang, H.-W.; Liu, G.-Q.; Feng, M.; Xu, L.; Liu, J.-W.; Wang, J.-L.; Yu, S.-H. A new generation of alloyed/multimetal chalcogenide nanowires by chemical transformation. Sci. Adv. 2015, 1, e1500714. [Google Scholar] [CrossRef]

	



Gates, B.; Mayers, B.; Cattle, B.; Xia, Y. Synthesis and Characterization of Uniform Nanowires of Trigonal Selenium. Adv. Funct. Mater. 2002, 12, 219–227. [Google Scholar] [CrossRef]

	



Gautam, U.K.; Rao, C.N.R. Controlled synthesis of crystalline tellurium nanorods, nanowires, nanobelts and related structures by a self-seeding solution process. J. Mater. Chem. 2004, 14, 2530–2535. [Google Scholar] [CrossRef]

	



Lu, Q.; Gao, F.; Komarneni, S. Cellulose-Directed Growth of Selenium Nanobelts in Solution. Chem. Mater. 2006, 18, 159–163. [Google Scholar] [CrossRef]

	



Du, Y.; Qiu, G.; Wang, Y.; Si, M.; Xu, X.; Wu, W.; Ye, P.D. One-Dimensional van der Waals Material Tellurium: Raman Spectroscopy under Strain and Magneto-Transport. Nano Lett. 2017, 17, 3965–3973. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Guan, J.; Lin, Z.; Liu, B.; Xing, S.; Wang, W.; Guo, J. Epitaxial Growth and Band Structure of Te Film on Graphene. Nano Lett. 2017, 17, 4619–4623. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Cai, X.; Yi, S.; Chen, J.; Dai, Y.; Niu, C.; Guo, Z.; Xie, M.; Liu, F.; Cho, J.-H.; et al. Multivalency-Driven Formation of Te-Based Monolayer Materials: A Combined First-Principles and Experimental study. Phys. Rev. Lett. 2017, 119, 106101. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Qiu, G.; Wang, R.; Huang, S.; Wang, Q.; Liu, Y.; Du, Y.; Goddard, W.A.; Kim, M.J.; Xu, X.; et al. Field-effect transistors made from solution-grown two-dimensional tellurene. Nat. Electron. 2018, 1, 228–236. [Google Scholar] [CrossRef]

	



Churchill, H.O.H.; Salamo, G.J.; Yu, S.-Q.; Hironaka, T.; Hu, X.; Stacy, J.; Shih, I. Toward Single Atom Chains with Exfoliated Tellurium. Nanoscale Res. Lett. 2017, 12, 488. [Google Scholar] [CrossRef]

	



Mohanty, P.; Kang, T.; Kim, B.; Park, J. Synthesis of Single Crystalline Tellurium Nanotubes with Triangular and Hexagonal Cross Sections. J. Phys. Chem. B 2006, 110, 791–795. [Google Scholar] [CrossRef]

	



Hawley, C.J.; Beatty, B.R.; Chen, G.; Spanier, J.E. Shape-Controlled Vapor-Transport Growth of Tellurium Nanowires. Cryst. Growth Des. 2012, 12, 2789–2793. [Google Scholar] [CrossRef]

	



Tao, H.; Liu, H.M.; Qin, D.H.; Chan, K.; Chen, J.W.; Cao, Y. High Mobility Field Effect Transistor from Solution-Processed Needle-Like Tellurium Nanowires. J. Nanosci. Nanotechnol. 2010, 10, 7997–8003. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, G.Y.; Addou, R.; Wang, Q.X.; Honari, S.; Cormier, C.R.; Cheng, L.X.; Yue, R.Y.; Smyth, C.M.; Laturia, A.; Kim, J.; et al. High-Mobility Helical Tellurium Field-Effect Transistors Enabled by Transfer-Free, Low-Temperature Direct Growth. Adv. Mater. 2018, 30, 1803109. [Google Scholar] [CrossRef] [PubMed]

	



Dayeh, S.A.; Aplin, D.P.R.; Zhou, X.T.; Yu, P.K.L.; Yu, E.T.; Wang, D.L. High electron mobility InAs nanowire field-effect transistors. Small 2007, 3, 326–332. [Google Scholar] [CrossRef]

	



Li, P.; Appelbaum, I. Intrinsic two-dimensional states on the pristine surface of tellurium. Phys. Rev. B 2018, 97, 201402. [Google Scholar] [CrossRef]

	



Yu, T.; Ni, Z.; Du, C.; You, Y.; Wang, Y.; Shen, Z. Raman Mapping Investigation of Graphene on Transparent Flexible Substrate: The Strain Effect. J. Phys. Chem. C 2008, 112, 12602–12605. [Google Scholar] [CrossRef]

	



Wu, W.; Wang, L.; Yu, R.; Liu, Y.; Wei, S.-H.; Hone, J.; Wang, Z.L. Piezophototronic Effect in Single-Atomic-Layer MoS2 for Strain-Gated Flexible Optoelectronics. Adv. Mater. 2016, 28, 8463–8468. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Ha, T.; Parrish, K.N.; Chowdhury, S.F.; Tao, L.; Dodabalapur, A.; Akinwande, D. High-Performance Current Saturating Graphene Field-Effect Transistor with Hexagonal Boron Nitride Dielectric on Flexible Polymeric Substrates. IEEE Electron Device Lett. 2013, 34, 172–174. [Google Scholar] [CrossRef]

	



Tweedie, M.E.P.; Sheng, Y.; Sarwat, S.G.; Xu, W.; Bhaskaran, H.; Warner, J.H. Inhomogeneous Strain Release during Bending of WS2 on Flexible Substrates. Acs Appl. Mater. Interfaces 2018, 10, 39177–39186. [Google Scholar] [CrossRef]

	



Torrie, B.H. Raman spectrum of tellurium. Solid State Commun. 1970, 8, 1899–1901. [Google Scholar] [CrossRef]

	



Pine, A.S.; Dresselhaus, G. Raman Spectra and Lattice Dynamics of Tellurium. Phys. Rev. B 1971, 4, 356–371. [Google Scholar] [CrossRef]

	



Marini, C.; Cherisi, D.; Lavagnini, M.; di Castro, D.; Petrillo, C.; Degiorgi, L.; Scandolo, S.; Postorino, P. High-pressure phases of crystalline tellurium: A combined Raman and ab initio study. Phys. Rev. B. 2012, 86, 064103. [Google Scholar] [CrossRef]

	



Hu, J.; Xu, S.-Y.; Ni, N.; Mao, Z. Transport of Topological Semimetals. Annu. Rev. Mater. Res. 2019, 49, 207–252. [Google Scholar] [CrossRef]

	



Bernevig, A.; Weng, H.; Fang, Z.; Dai, X. Recent Progress in the Study of Topological Semimetals. J. Phys. Soc. Jpn. 2018, 87, 041001. [Google Scholar] [CrossRef]

	



Kumar, N.; Guin, S.N.; Felser, C.; Shekhar, C. Planar Hall effect in the Weyl semimetal GdPtBi. Phys. Rev. B 2018, 98, 041103. [Google Scholar] [CrossRef]

	



Burkov, A.A. Giant planar Hall effect in topological metals. Phys. Rev. B 2017, 96, 041110. [Google Scholar] [CrossRef]

	



Nandy, S.; Sharma, G.; Taraphder, A.; Tewari, S. Chiral Anomaly as the Origin of the Planar Hall Effect in Weyl Semimetals. Phys. Rev. Lett. 2017, 119, 176804. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Wang, H.-W.; He, H.; Wang, J.; Shen, S.-Q. Giant anisotropic magnetoresistance and planar Hall effect in the Dirac semimetal Cd3As2. Phys. Rev. B 2018, 97, 201110. [Google Scholar] [CrossRef]

	



Li, C.-Z.; Wang, L.-X.; Liu, H.; Wang, J.; Liao, Z.-M.; Yu, D.-P. Giant negative magnetoresistance induced by the chiral anomaly in individual Cd3As2 nanowires. Nat. Commun. 2015, 6, 10137. [Google Scholar] [CrossRef]

	



Assaf, B.A.; Phuphachong, T.; Kampert, E.; Volobuev, V.V.; Mandal, P.S.; Sánchez-Barriga, J.; Rader, O.; Bauer, G.; Springholz, G.; de Vaulchier, L.A.; et al. Negative Longitudinal Magnetoresistance from the Anomalous N=0 Landau Level in Topological Materials. Phys. Rev. Lett. 2017, 119, 106602. [Google Scholar] [CrossRef]

	



Silbermann, R.; Landwehr, G. Surface quantum oscillations in accumulation and inversion layers on tellurium. Solid State Commun. 1975, 16, 1055–1058. [Google Scholar] [CrossRef]

	



Von Klitzing, K.; Landwehr, G. Surface quantum states in tellurium. Solid State Commun. 1971, 9, 2201–2205. [Google Scholar] [CrossRef]

	



Qiu, G.; Wang, Y.; Nie, Y.; Zheng, Y.; Cho, K.; Wu, W.; Ye, P.D. Quantum Transport and Band Structure Evolution under High Magnetic Field in Few-Layer Tellurene. Nano Lett. 2018, 18, 5760–5767. [Google Scholar] [CrossRef] [PubMed]

	



Liang, T.; Lin, J.; Gibson, Q.; Kushwaha, S.; Liu, M.; Wang, W.; Xiong, H.; Sobota, J.A.; Hashimoto, M.; Kirchmann, P.S.; et al. Anomalous Hall effect in ZrTe5. Nat. Phys. 2018, 14, 451–455. [Google Scholar] [CrossRef]

	



Wang, Y.J.; Gong, J.X.; Liang, D.D.; Ge, M.; Wang, J.R.; Zhu, W.K.; Zhang, C.J. Planar Hall effect in type-II Weyl semimetal WTe2. arXiv 2018, arXiv:1801.05929. [Google Scholar]

	



Reis, R.D.D.; Ajeesh, M.O.; Kumar, N.; Arnold, F.; Shekhar, C.; Naumann, M.; Schmidt, M.; Nicklas, M.; Hassinger, E. On the search for the chiral anomaly in Weyl semimetals: The negative longitudinal magnetoresistance. New J. Phys. 2016, 18, 085006. [Google Scholar] [CrossRef]

	



Liang, S.; Lin, J.; Kushwaha, S.; Xing, J.; Ni, N.; Cava, R.J.; Ong, N.P. Experimental tests of the chiral anomaly magnetoresistance in the Dirac-Weyl semimetals Na3Bi and GdPtBi. Phys. Rev. X 2018, 8, 031002. [Google Scholar] [CrossRef]

	



Fete, A.; Rossi, L.; Augieri, A.; Senatore, C. Ionic liquid gating of ultra-thin YBa2Cu3O7-x films. Appl. Phys. Lett. 2016, 109, 4. [Google Scholar] [CrossRef]

	



Hellerstedt, J.; Yudhistira, I.; Edmonds, M.T.; Liu, C.; Collins, J.; Adam, S.; Fuhrer, M.S. Electrostatic modulation of the electronic properties of Dirac semimetal Na3Bi thin films. Phys. Rev. Mater. 2017, 1, 5. [Google Scholar] [CrossRef]

	



Nishihaya, S.; Uchida, M.; Nakazawa, Y.; Kriener, M.; Kozuka, Y.; Taguchi, Y.; Kawasaki, M. Gate-tuned quantum Hall states in Dirac semimetal (Cd1-xZnx)3As2. Sci. Adv. 2018, 4, 8. [Google Scholar] [CrossRef]








[image: Crystals 09 00486 g001 550] 





Figure 1. (a) Crystal structure and (b) first Brillouin zone (BZ) of trigonal tellurium (Te). 
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Figure 2. (a) Schematic of two-zone, low-pressure physical vapor deposition growth of Te nanowires. (b) Summary of pressure and flow rate dependence of growth outcomes. (c) Representative Raman spectrum of a synthesized Te nanowire. 
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Figure 3. (a) Two-terminal Te nanowire device current at 50 mV source–drain bias and 10 K. Inset: Micrograph of a device. (b) Same data as (a) on a linear scale. (c) Temperature dependence of the nanowire resistance at zero gate voltage. (d) Numerically differentiated transconductance at 10 K. 
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Figure 4. (a) Optical micrograph of physical vapor deposition (PVD)-grown Te nanowires, including small diameter curved nanowires. (b) Scanning electron microscopy (SEM) image of the same area shown in (a). The red circle indicates the approximate spot size and location of Raman spectroscopy laser. (c) Darkfield optical micrograph of a different Te nanowire growth. Examples of different curvature radii are shown. 
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Figure 5. (a) Raman spectra of four curved (black) and three straight (blue) Te nanowires. (b) Widths and peak positions extracted from Lorentzian fits to the seven spectra shown in (a). 
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