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Abstract

:

A single crystal of a topological material, CoTe2-δ, has been grown via the chemical vapor transport method for a structural and electronic transport study. Single-crystal X-ray diffraction, powder X-ray diffraction, and high-resolution scanning electron microscope measurements confirm the high quality of the as-grown single crystals. In a high-resolution scanning electron microscopy study, a clear layered feature of the trigonal CoTe2-δ crystal was observed. Fractal features and mosaic-type nanostructures were observed on the as-grown surface and cleaved surface, respectively. The trigonal CoTe2-δ demonstrates a metallic ground state in transport measurements, with a typical carrier’s concentration in a 1021 cm−3 magnitude and a residual resistivity ratio of 1.6. Below 10 K, trigonal CoTe2-δ contains quite complicated magnetoresistance behavior as a result of the competing effect between Dirac states and possible spin fluctuations.
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1. Introduction


Transition metal dichalcogenides (TMDs) have drawn tremendous attention in both fundamental and applicational studies. In the TMD family, there are over 40 two-dimensional (2D) compounds with the general formula of MX2, where M is a transition metal and X is a chalcogen such as S, Se, or Te. Bulk TMDs have been widely studied over several decades for its crystal, electronic, and magnetic structures. The van der Waal bonds hold 2D layers along the c axis, in which the transition metal is sandwiched between two chalcogens, forming a stable structure. Therefore, like graphene exfoliated from graphite [1,2], a monolayer or few-layer TMD can be exfoliated from the bulk crystal, which could be effective wide-band semiconductors [3,4,5,6,7,8,9], highly efficient photoelectric units [10,11,12,13,14,15,16], 2D superconductors [7,17,18,19,20], building blocks in van der Waals heterostructures [21,22,23,24,25,26], and moiré superlattices [27,28,29,30,31,32,33,34,35,36,37,38].



The electronic structure of TMD bulk crystals are studied a lot in metallic or semi-metallic TMDs, such as WTe2, PdTe2, PtTe2, PtSe2, NiTe2, etc., in which the symmetry protected topological band structures are reported [39,40,41]. Topology is employed as a new type of category method on electronic band structures [42,43]. The band topology research started on the integer quantum Hall effect in two-dimensional electron gas (2DEG). Once the 2DEG is restricted in one dimension and works as an electron wave conductor, the Landau levels will change at the edges. In the center of the electron wave conductor, the LL energy is independent of the position, while near the edges, it is raised in response to the edge’s potential energy. Giving a certain Fermi energy EF, the boundary of the occupied LLs must pass through the EF, which leaves the edge conduction channels (or edge states). This effect can only be understood using the concept of topology. In the QHE states, the bulk states are insulating, and the edge modes are free-way-like one-dimensional (1D) conduction channels, which geographically separate the carriers with opposite momentum. In conventional 1D transport, the resistance originates from the backscattering mechanism, which mixes together the forward- and backward-moving charges. In integer quantum Hall states, however, the forward-moving charges and backward-moving charges are located at the different edges of the system, and therefore survive from the backscattering mechanism. A 2D band structure consists of mapping from the crystal momentum to the Bloch Hamiltonian. Gapped band structures can be classified topologically by considering the equivalence classes of Bloch Hamiltonian that can be continuously deformed into one another without closing the energy gap. These classes are distinguished by a topological invariant n called the Chern invariant. In quantum mechanics, a geometric phase is a phase difference acquired over a closed path, which could be nontrivial, and it was discovered by Sir Michael Berry, namely the Berry phase [44]. Another interesting quantized Hall state is the quantized version of the spin Hall effect, namely the quantum spin Hall effect (QSHE). The QSHE can be understood as the combination of spin-up QHE and spin-down QHE with its own chirality. Therefore, with the charging canceling, the total Hall conductance is zero for the QSE; however, it still presents a non-zero spin Hall conductance. At first, C. L. Kane and E. J. Mele [45] proposed a new spin orbital coupling (SOC) term in the Hamiltonian system related to Haldane’s model. The SOC Hamiltonian can be taken separately for the Sz = 1 spins, which are equivalent to Haldane’s model for spinless electrons, and also violate time reversal symmetry. This model suggests that the SOC introduces a periodic magnetic field with no net flux in the system, giving rise to a finite energy gap. At temperatures well below the gap, the double-spin Haldane’s model finally leads to a quantized Hall conductance to each spin. In this situation, the edge modes are helical spin modes, which are the spin-up electron and spin-down electron with opposite momentum. Provided that the time reversal symmetry of the system (TMS) is preserved, this acts to protect the edge modes from nonmagnetic impurity and disorder. The scattered electrons have a 2π phase difference for the presence of TMS. In quantum mechanics, when the spin 1/2 particles rotate by 2π, the wave function has a changed sign. However, in the presence of magnetic impurity, the time reversal symmetry is broken, as well as the backscattering immune transport. After the investigation in different quantum Hall states, topology was studied in solid-state materials, including, briefly, (1) a two-dimensional topological insulator, where the normal bands and inversed bands overlap in some materials (e.g., the CdTe/HgTe quantum well, in which the strong spin-orbit coupling (SOC) opens a gap at the bulk bands and leaves the bulk-symmetry protected metallic edge states); (2) a three-dimensional topological insulator (3DTI), which is the 3D form of a topological insulator, which possesses gapped bulk states and symmetry-protected metallic surface states; (3) Dirac/Weyl Semimetals, which have the bulk-symmetry protected four-fold band crossing (degeneration) points (Dirac points are found in a Dirac semimetals) and two-fold degenerate Weyl points. The Weyl points can be obtained by broken inversion symmetry, namely a Weyl semimetal, or by broken time-reversal symmetry, namely a (4) magnetic Weyl semimetal. The WTe2 is very famous for its type-Ⅱ Weyl semimetal states (with tilted Weyl cone pairs as signature) in bulk crystals [39,40], as well as 2D topological insulating states in monolayer form [46,47]. The PdTe2 and PtTe2 hold type-Ⅱ Dirac fermions with a tilted Dirac cone near its Fermi energy due to the violation of the Lorentz symmetry [41,48]. Similarly, the TMD compound CoTe2 has also attracted increasing attention recently [49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64]; it was first known as an effective electrocatalyst for hydrogen evolution reaction with low overpotentials and small Tafel slopes. The orthorhombic CoTe2 is reported as a quantum critical Dirac metal with strong spin fluctuations [65]. The ferromagnetic ordering is suppressed, even at low temperatures, down to 1.8 K, and instead, a strong spin fluctuation state is proposed. The electronic band structure in orthorhombic CoTe2 was predicted to harbor multiple Dirac-type nodal lines and conventional Dirac points [65]. A recent report also mentioned that the Jahn–Teller effect induces a slight distortion in the CoTe2 crystal, which enriches the active site exposure in lithium–sulfur batteries [66]. The trigonal CoTe2 has slightly different topology in its band structures, which is featured with a pair of type-Ⅱ Dirac nodes that are located along the Γ-A direction above the Fermi energy [67,68]. In addition, multiple bulk band inversions are located in the Brillouin zone, which give rise to a ladder of spin-polarized surface states over a wide range of energies. The surface states corresponding to the bulk band inversions form a Dirac cone at the Γ point, which has in-plane spin splitting due to Rashba-type spin–orbit interactions [67]. However, the magnetotransport properties in trigonal CoTe2 single crystals, which will further confirm the novel electronic states, have not reported in the literature.



In this article, we reported the single crystal growth, microstructural characterization, and electronic transport properties in CoTe2-δ. The mosaic-like nanostructure embedded in layered crystals is exceptionally rare in TMD crystals. Negative magnetoresistance is observed at 2 K, which possibly indicates the frustrated spin dynamics.




2. Experiments


The CoTe2-δ single crystals are grown using a chemical vapor transport (CVT) method, which is very popular in the single crystal growth of quantum materials [69,70,71,72,73], as demonstrated in Figure 1. The chemical vapor transport summarizes a variety of reactions that show one common feature: a solid-state material is volatilized in the presence of a gaseous reactant, the transport agent, and deposits elsewhere, usually in the form of single crystals. Usually, the chemical reactions happen in a closed environment, which relies on a suitable transport agent and the experimental condition. Therefore, it is a prerequisite for a transport effect in which the transport agent reacts with the source material with the formation of one or more gaseous compounds. In this case, halogens or halogen compounds are usually used as transport agents. Due to the chemical reaction that happens at the interface of solid and gas states, a relatively lower temperature condition is employed more than other crystal methods. Therefore, the CVT method shows significant advantage in high-melting-point crystal growth. In this experiment, we chose TeCl4 as the transport agent. Briefly, high-purity Co (99.9%) and Te (99.99%) powders in a 1:2 molar ratio (~1 g in total) are sealed in a silica tube in a high vacuum, together with 5 mg/mL of TeCl4 as transport agent. The actual transport agent’s mass (TeCl4) was calculated based on the volume of the sealed silica tube.



It is worth mentioning that the CVT method is highly flexible in quantum material designs. For example, Z. Li et al. [74] developed a CVT-based method to prepare a large-sized Weyl semimetal tantalum arsenide crystal, which has a higher melting point than its decomposition temperature. In this case, large-size crystal growth methods like the Bridgeman method are not allowed. The sample powders and I2 transport agent are sealed in an ampule, which is slightly tilted up to 30° from the horizon to enhance the growth rate. Particularly, one piece of polished tantalum foil was placed in the crystallization side to retard the spontaneous nucleation. In their report, a 1 cm TaAs single crystal was collected on the tantalum foil instead of small 1–3 mm crystals. Moreover, the CVT method can also be modified into a high-throughput method for doped quantum material system, e.g., topological semimetal Ta1-xNbxSb2 [69]. In their experiments, a doping ratio of Ta:Nb at 1:1 was employed in the starting materials at a low-temperature site. After a fine-tuned growth condition is established, single crystals with various Ta:Nb ratios can be obtained. In the crystal counting vs. chemical composition plot, a Gaussian-like distribution was observed, which supports the experimental research in quantum materials.



The sealed silica tube is placed in a dual temperature zone horizontal furnace. The Co and Te powders sit in the hot side (930 °C), which will be transported to the low-temperature site (870 °C) over one week into CoTe2 single crystals. The obtained single crystals are of hexagonal shape and have a metallic shiny color (Figure 2a), with a ~3 mm lateral dimension and ~0.3 mm thickness. Approximately 10 pieces of high-quality single crystals can be obtained from each silica tube. The X-ray diffraction (XRD) technique (Bruker D8 Advance Eco with cobalt radiation Kα = 1.79 Å) is employed to determine the crystal quality and orientation. The microstructure of the as-grown and cleaved crystal is characterized using scanning electron microscopy (SEM, ThermoFisher ScientificFEI Helios 5, Waltham, MA, United States, The elemental concentration mapping is conducted using an Oxford Instrument energy-dispersive spectroscopy (EDS) system equipped in Helios 5. Standard Hall-bar contacts are patterned on a freshly cleaved single crystal surface using room temperature cured silver paste for electronic transport measurements. A Physical Property Measurement System (PPMS, Quantum Design) is employed to conduct the temperature and magnetic field-dependent transport measurements in the CoTe2-δ single crystal.




3. Results and Discussion


There are three different types of CoTe2 that were investigated, namely trigonal CoTe2, cubic CoTe2, and orthorhombic CoTe2. The single-crystal XRD pattern taken from a freshly cleaved sample surface verifies the trigonal phase, as shown in Figure 2. Thus, the obtained single crystals are hexagonal thin plates, as demonstrated in Figure 2b. Trigonal CoTe2-δ crystallizes in a LiTiS2-type structure (space group   P   3  ¯  m 1  ), which has a typical van der Waals layered structure, and can be exfoliated along the c axis [55,57,67,68]. The cleavage faces in CoTe2 is therefore verified as c surfaces, as indicated by the sharp (00l) patterns in Figure 2c. The powder XRD patterns of CoTe2-δ is shown in Figure 2d. The peak intensity ratio between (101) and (002) shows a preferred orientation in the prepared powder sample, which is due to the 2D crystal structure. The standard diffraction results in the PDF card #89-4061 are plotted in Figure 2e with clear indices. Due to the different X-ray source materials used in the current experiments and PDF card,   Q =   4 π   s i n θ   λ     was employed in Figure 2. Figure 2b shows the low-magnification SEM image via the secondary electron mode, in which one can see the overall hexagonal shape in the spontaneous crystallization procedure in the CVT set-up.



To verify the chemical composition of the as-grown single crystal, the EDS spectrum is taken on a fairly large cleaved surface area, as shown in Figure 3. The second electron image and back-scattering electron image of the same area are shown in Figure 3a,b, with an applied accelerating voltage of 18 kV. A clear layered structure can be observed in Figure 3a, in which the highlighted lines indicate the edge of the layers, and the shadowing effect can be observed next to the highlighted region. Secondary electron (SE) imaging is carried out using the surface morphology sensitive technique, and therefore shows the details of the cleaving steps. At the same area, the back-scattering electron (BSE) image shows much lower contrast, which is due to the much deeper detecting depth in back-scattering mode. Note that the BSE mode is very sensitive to crystal orientation, chemical composition, and impurity phase. The similar feature with lower contrast in the BSE images implies that the cleaved surface of CoTe2 is from a single-crystalline phase without impurities within the resolution. In the EDS measurements, the detection is deeper than the BSE mode, and therefore it is nearly featureless in Figure 3e,f, which show the Co Kα1 and Te Kα1 mapping, respectively. The quantified analysis of the EDS spectrum on the whole surface area is shown in Figure 3c, in which the Co:Te atomic ratio of 36.1:63.9 (close to CoTe1.77) is confirmed. In a previous study, the stabilized layered structure was reported in a Te vacancy phase (CoTe1.8) [49], which supports the finding in our CVT-grown layered CoTe2. The reason for the off-stoichiometric ratio is possibly due to the deviation from a standard CdI2 structure, in which the metal–metal bonding and interlayer covalent interactions are detected [49]. This is quite unusual for a traditional layered compound.



The surface morphologies of the CoTe2-δ single crystals are further studied with the low-voltage (5 kV) SE method to demonstrate the details of the as-grown and cleaved surfaces (Figure 4). A low magnification SE image is shown in Figure 4a, in which the dark region beyond the hexagonal crystal edges is carbon tap. The crystal is cleaved using a blue tape before imaging, which reveals a cleaved area in the bottom left region, as indicated by the arrow. To show the zoomed-in view of the surface, a double-focused method (Emersion Mode) equipped in Helios 5 is employed in Figure 4b–d,f–h. The zoomed-in views of the as-grown surface are shown in Figure 4b–d, in which Panel b demonstrates the overall flatness in a relatively large area. There are a few contamination dots on the as-grown surface with a typical dimension in several tens to hundreds of nanometers. In a further zoomed-in view of the surface area, one can observe two typical surface morphologies, as demonstrated in Figure 4c,d, which were taken from the close-to-crystal-edge area and far-from-crystal-edge area, respectively. Figure 4c demonstrates the nanoscale morphology close to the crystal edges, in which the piled-up triangles with relatively thick edge areas are observed. A higher contrast in Figure 4c is observed in this region than the contrast in the middle area of the crystals, as shown in Figure 4d. Zig-zag patterns with 60° or 120° angles are observed in the few hundred nanometers region. These fractal hexagonal features on the as-grown single-crystal surface are dominant by the crystal growth dynamics, similar to the observation in the metal-flux method. The cleaved surface shows a quite different morphology compared with the as-grown surfaces in two aspects: (1) a large, flat region without nano-size contamination is observed; (2) a clear layer feature with steps is observed in Figure 4e. With a further zoomed-in view, nano-mosaic patterns are observed everywhere on the cleaved surfaces, as demonstrated in Figure 4f–h. The mosaics, typically 20–50 nm, contain curved boundaries with different widths, showing a dry-lake-bottom-like pattern. The reason for the mosaic feature contrast in Figure 4f–h is unknown, which is also observed in flat regions (Figure 4g) and is different with the step-induced contrast in Figure 4e. As mentioned by the referee in the peer-reviewing process, a complicated chemical origination of this nanostructure is deduced. Therefore, the elemental concentration analysis method with nanometer resolution are desired to conduct further characterizations in these crystals. The surface patterns observed in Figure 4 are universal for all CVT-grown CoTe2-δ single crystals using the aforementioned method. The rich surface nanostructures in trigonal CoTe2-δ could contribute to the excellent electrocatalysis properties [54,56,58,59,63].



We then study the electronic transport properties of the CoTe2 single crystals with nanoscale features using Hall-bar geometry patterned on a freshly cleaved crystal surface. During the measurements, the current was applied in the c plane, and the magnetic field was applied along the c axis of the crystal. Temperature (RT)- and magnetic field (MR)-dependent longitudinal resistivity are measured using the electronic transport function in PPMS, as shown in Figure 5 and Figure 6. The resistivity is ~205 µΩ cm at room temperature, and decreases monotonically with cooling to 2 K, yielding a residual resistivity ratio of ~1.6. The longitudinal room temperature resistivity is ~180 µΩ cm in a four-terminal measurement [65] in orthorhombic CoTe2, and ~2.5–42 mΩ cm in two-terminal measurements in trigonal CoTe2 nanoflakes [55]. The two terminal results contain contact resistance between CoTe2 and gold contacts, which is significantly higher than the observation here. Moreover, the similar metallic RT behavior was also reported in orthorhombic CoTe2, with comparable resistivity in the 2–300 K region [65]. The other similar compound, NiTe2, however, possesses a much larger RRR value (~109) and lower room temperature resistivity (~26 µΩ cm) [75]. The tellurium vacancy-induced structural change could be a reason for the different transport behaviors between NiTe2 and CoTe2-δ. We then measured the magnetic response of resistivity at low temperatures, as shown in Figure 6a. At 2 K, negative MR behavior is observed, which reaches ~−0.06% at ~4 T. The negative MR vanishes with heating, e.g., at 5 K, a positive MR up to 0.12% is observed. With further heating to 10 K, no obvious MR behavior observed. More low-field features can be observed at 2 K and 5 K, e.g., a slight upturn with magnetic fields applied from 0 to 0.5 T at 2 K, and a slightly negative MR observed at 5 K within 1 T, indicating the complicated magnetic interaction nature below 10 K in trigonal CoTe2-δ.



Figure 6b shows the Hall effect at 2 K, 5 K, and 10 K, which are linear lines coinciding with each other, implying that the aforementioned low-temperature magnetic interactions have negligible contributions on the Hall effect. From the Hall curves, one may obtain the Hall coefficient, RH~3.0 × 10−9 m3/C, and (hole) carrier’s density, nh~2 × 1021 cm−3. The carrier’s Hall mobility at 2 K can be calculated via µHall = σ·RH = 23 cm2/Vs, where σ is the conductivity. The complicated MR behavior can be understood based on the band topology study by ARPES and spin-ARPES [67]. The ionic balance of the chemical formula suggests that the d electrons from Co and the p electrons from Te contribute to the conduction carriers on the Fermi surface. The bulk bands show multiple band inversion features throughout the Brillouin zone, which harbor Dirac cone surface states at the Γ point [67]. Linear-dispersed topological surface states will contribute to a positive linear MR at low temperatures, together with quantum interference features, e.g., weak antilocalizations. However, the overall carrier’s concentration from bulk states is much higher than that of the Dirac surface states, which possibly leads to very weak MR responses. On the other hand, the absence of a hysteresis effect in MR suggests the absence of strong ferromagnetic interactions, which is similar to the observation in orthorhombic CoTe2. In Figure 6, no anomalous Hall effect was observed, even at 2 K, which also indicates the absence of long-range magnetic ordering at this temperature. However, the short-range interactions may form at this temperature range, which indicate moderate correlations between Co moments. In this case, the crystal is probably reaching the ordering transition point, and thus is easily affected by the applied magnetic field. This magnetic field-induced ordering will reduce the magnetic disorder-induced scatterings and thus contribute to a negative MR. A significant negative MR is usually observed slightly above the magnetic ordered phase as an indication of short-range ordering, e.g., in Ti-doped Cr2Se3 [73], NdCrSb3 [76]. In CoTe2-δ single crystals, the negative MR behavior is probably due to the short-range magnetic interactions, in which the moments will be aligned along the magnetic field.



To conclude, a trigonal CoTe2 single crystal with Te vacancies was successfully grown using the CVT method. The as-grown layered single crystals have smooth surfaces with hexagonal edges due to the crystal symmetry. Two features are observed on the as-grown single-crystal surface from the spontaneous crystal growth process: (1) piled up triangles with relatively thicker edges appear near to the edge region, and (2) a flat region with ~100 nm zig-zag stripes can be found everywhere on the surface. On a cleaved surface, mosaic-like patterns are observed with the typical dimension of a few tens of nanometers. The CoTe2 single crystal possesses metallic ground states, with a hole carrier concentration at a 1021 cm−3 magnitude. Below 10 K, CoTe2 shows transport features of mixed contributions from surface Dirac fermions and short-range magnetic interactions. The bulk states are much stronger than the Dirac surface states in a sub mm thick bulk crystal, which limits the observation of strong MR and quantum interference effects. Therefore, thin flakes down to few nanometers are desired in a future study, in which the topological surface states will contribute to a higher percentage in the transport behavior. Further, mosaic patterns in TMDs are rarely reported in high-quality single crystals, which will also inspire future studies in the TMD family.
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Figure 1. A sketch of the CVT crystal growth process. 
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Figure 2. The structural characterizations of CoTe2-δ samples. (a) Optical image of as-grown crystals. (b) The low-magnification secondary electron image. (c) The single-crystal and (d) powder XRD patterns of CoTe2-δ crystals. (e) The PDF card #89-4061. 
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Figure 3. SEM and EDS measurements on a freshly cleaved CoTe2 surface. (a) Secondary electron image. (b) Back-scattering image. (c) The EDS spectrum over the whole imaging area. (d) The element maps and second electron image are plotted in superposition. The element maps are shown in Panels (e) (Co) and (f) (Te) at the same position. 
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Figure 4. The low-voltage SE images of CoTe2 single crystals. (a) Low-magnification SE image in a large area. The high magnification SE images of as-grown surface and cleaved surface are shown in Panels (b–d) and (e–h). 
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Figure 5. Temperature-dependent longitudinal resistivity behavior in 2–300 K region in a CoTe2 single crystal. 
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Figure 6. Magnetotransport behavior in CoTe2 single crystal. (a) MR and (b) Hall effect are measured at 2 K, 5 K, and 10 K. 
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