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Abstract

:

Materials containing Dirac fermions (DFs) have been actively researched because they often alter electrical and magnetic properties in an unprecedented manner. Although many studies have suggested the transformation between standard fermions (SFs) and DFs, the non-availability of appropriate samples has prevented the observation of the transformation process. We observed the interconversion process of DFs and SFs using organic charge-transfer (CT) salts. The samples are unique in that the constituents (the donor D and acceptor A species) are particularly close to each other in energy, leading to the temperature- and D-A-combination-sensitive CT interactions in the solid states. The three-dimensional weak D–A CT interactions in low-symmetry crystals induced the continuous reshaping of flat-bottomed bands into Dirac cones with decreasing temperature; this is a characteristic shape of bands that converts the behavior of SFs into that of DFs. Based on the first-principles band structures supported by the observed electronic properties, round-apex-Dirac-cone-like features appear and disappear with temperature variation. These band-structure snapshots are expected to add further detailed understanding to the related research fields.
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1. Introduction


The physical and chemical properties of common materials are governed by electrons or holes with finite effective masses, i.e., massive fermions [1]. Recently, a series of materials that contain unique particles called Dirac fermions (DFs) have gained considerable scientific attention [1,2,3,4,5,6]. These particles possess unusually small effective masses and unusually high mobilities because of their Fermi velocities. Owing to these characteristics, the electrons in these materials behave as relativistic massless fermions. DFs regulate the physical properties when located near the Fermi level; these fermions exhibit unique electrical properties such as temperature (T)-independent resistivity (ρ), dρ/dT ~0. Such behaviors belong to neither metals (dρ/dT > 0) nor nonmetals (dρ/dT < 0). These intriguing physical properties can be attributed to a unique feature that DF systems share in their band structures around the Fermi levels: the band dispersion linearly depends on the wave vectors in the reciprocal space, which leads to cone-shaped bands called Dirac cones [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32] (Figure 1a). Unlike the unique feature of the band structures of the DF system, the band dispersions in common materials are described by parabolic or cosine bands [1].



A single electron cannot be a DF (massless fermion) and a standard fermion (SF; massive fermion) at the same time. Therefore, the transformation between them, driven by band reshaping, has been focused on in terms of how and why this conversion should occur and how the physical properties should change. Most studies on such transformations are based on theoretical physics [33,34,35,36,37,38,39,40,41,42,43,44], and the actual transformation, where chemistry also plays an important role, remains elusive.



The organic charge-transfer (CT) salts α-D2I3 (D = C10H8S8 (ET), C10H8S6Se2 (STF), and C10H8S4Se4 (BETS); Figure 1b) under ambient pressure are extensively studied, as well as their aspects regarding organic DF systems [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62]. However, most studies on them are focused on whether they belong to the zero-gap semiconductors (ZGSs) [19,20,21,22,23,24,25,26,27,28,29,30,31,63,64,65,66]. It has not been examined experimentally how the reversible conversion of massive and massless fermions occurs in conjunction with the formation of a Dirac-cone-type band. Since the discovery of DFs in graphene and related inorganic substances, many studies have focused on stable two-dimensional (2D) compounds with simple chemical formulae and high structural symmetries [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. Such samples are often more easily available than the organic DF systems and favor clear discussion based on precise theoretical analyses such as first-principles band calculations. Stable inorganic compounds are often obtained as large robust single crystals in large-scale syntheses, whereas few of these conditions are generally observed in organic compounds. However, simple electronic systems rarely exhibit the interconversion between DFs and SFs, as they are thermodynamically too stable and possess lesser degrees of freedom than complicated electronic systems. In this regard, the bulk DF systems in α-D2I3 exhibited gradual and reversible transformation between DFs and SFs with variation in the temperature T, owing to their low-symmetry crystal structures and various weak but non-negligible competing interactions. We demonstrate the validities of the calculated band structures by comparing them with the observed physical properties. Further, we discuss the mechanism of the appearance and disappearance of DFs based on the corresponding band structures. Our finding revealed that the chemical equilibrium in the D-I3 redox reaction governs the "physical equilibrium" that determines whether the fermions behave as DFs or SFs. Most previous studies on organic DFs have discussed their findings in terms of physics rather than chemistry and focused on the local band structure around the Dirac cones. By providing the whole band structures connected with D-I3 redox reaction, this study sheds new light on the research on the production mechanism and stability of DFs.




2. Materials and Methods


2.1. Materials


The single crystals of α-D2I3 (D = ET, STF, and BETS) and the donor molecules (STF and BETS) were synthesized by following the reported procedures [45,46,47]. The details of the syntheses are described in Supporting Information (Scheme S1). The neutral ET was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), and used as received. Prior to the physical property measurements, all single crystals were checked by X-ray oscillation photography in terms of their crystal quality and the orientation of crystallographic axes.




2.2. Electrical Resistivity Measurements


The electrical resistivities of α-D2I3 (D = ET, STF, and BETS) were measured by a standard four-probe method using single crystals, gold wires (15 μm in diameter, Nilaco), carbon paste, and a physical property measurement system (PPMS-9; 10 mW—5 MW) with EverCool II (Quantum Design). A direct current of 100–200 μA was applied depending on the resistivity values. For the resistivity measurement of the insulating phase of α-ET2I3, different equipment with a wider dynamic range of resistivity measurement was used (the maximum output = 200 V, resolution = 1 pA) with the same four-probe configuration. The equipment was a home-made cryostat consisting of a digital voltmeter (Keithley Nanovoltmeter 2182A, Tektronics, Tokyo, Japan), a current/voltage source (Keithley SourceMeter 2400, Tokyo, Japan, Tektronics), a digital temperature controller (LakeShore, Model 331, Lake Shore Cryotronics, Inc., Westerville, OH, USA), and a diffusion/rotary pumping system (DIAVAC, DS-A412N, Diavac Limited, Yachiyo, Japan). To minimize the joule heating of the sample and a resultant thermoelectric power, a constant current (≤2 mA) was applied for 20 ms, and the voltage drop was measured in a synchronized way with the current source. Immediately (~20 ms) after the first measurement, the voltage was reversed, and the same measurement was carried out. Then, the average was taken to cancel out the thermoelectric power. At every data acquisition during the resistivity measurement of the insulating phase of α-ET2I3, we confirmed that 98–100% values of the set current flew in the sample. In both types of equipment, gold wires (25 μmφ) were attached along the b-axis on the ab planes of the crystals for the electrical contacts. The linearity between current and voltage was checked at every beginning of the measurement at ~300 K.




2.3. Magnetic Susceptibility Measurements


The magnetic susceptibility was measured using the polycrystalline samples and DC mode of a SQUID susceptometer (Quantum Design MPMS-XL with an EverCool) in both field cooling (FC) and zero-field cooling (ZFC) processes at 2–300 K. The sample was contained in a gelatin capsule with ventilation holes and was set in the middle of a polystyrene straw (Quantum Design); a magnetic field of 1 T was applied. Background signals from the capsule and the straw were independently measured, which were then subtracted from the total susceptibility. The diamagnetic susceptibilities (emu mol−1G−1) of the ET (−2.18 × 10−4), STF (−1.55 × 10−4), BETS (−2.12 × 10−4), and I3− (−3.61 × 10−5) species were cited from previous studies [26,67,68].




2.4. ESR Spectra Measurements


The ESR spectra of the X band (9.3 GHz) were measured using the single crystals of α-D2I3 in the temperature range of 120–300 K using JEOL JES-FA100 (JEOL Ltd., Tokyo, Japan). The single crystal was mounted on a Teflon piece settled with a minimal amount of Apiezon N grease and sealed in a 5-mm-diameter quartz sample tube in a low-pressure (~20 mm Hg) helium atmosphere. The background signals were measured prior to the sample measurement under conditions identical to those of the samples, and the resultant spectra were subtracted from the raw sample spectra. The Q-values, time constant, sweep time, modulation, and its amplitude were 4700–8200, 0.03 s, 1 min, 100 kHz, and 2 mT, respectively. Here, the Q-values are the factors indicating the resonance specification of the cavity and are defined as the ratio between the energy stored in the cavity and that consumed inside the cavity. The root dependencies of the ESR intensities on the microwave power were checked (1–10 mW), and the power was selected to be 4 mW or 9 mW depending on the signal intensity. The magnetic field was corrected by a Gauss meter (JEOL NMR Field Meter ES-FC5, Akishima, Tokyo, Japan) at the end of every measurement. The temperature was controlled using a continuous flow-type liquid N2 cryostat with a digital temperature controller (JEOL). The temperature variation did not exceed ±0.5 K during the field sweep. The cooling rate was −10 K/min. No hysteretic behavior was observed in the ESR spectra between the heating and cooling processes.




2.5. X-ray Structural Analyses


The single-crystal X-ray structural analyses of α-ET2I3 (296 K and 100 K) and α-BETS2I3 (296 K and 100 K) were performed using RIGAKU VariMax SaturnCCD724/α (graphite monochromated Mo-Kα radiation; λ = 0.71073 Å) (Rigaku Co., Ltd., Tokyo, Japan) equipped with a nitrogen-gas--flow temperature controller (Cobra, Oxford Cryosystems, Long Hanborough, UK). Regarding the low-temperature measurements, the cooling rate was −1 K/min. The fluctuation in temperature during the data collections was ~±1 K. The collected data were processed using CrysAlisPro ver. 171.38.46 or ver. 171.41_64.93a (Rigaku Oxford Diffraction, Tokyo, Japan) prior to the structure determination and refinement using CrystalStructure 4.3.2 (Rigaku Oxford Diffraction, Tokyo, Japan) or Olex 2-1.5 [69]. The hydrogen atoms on the ethylene groups of the ET and BETS molecules were located at the calculated positions. Further details of the data collection and analyses are described in the .cif files deposited to the Cambridge Crystallographic Data Centre (CCDC). The CCDC deposit numbers of the .cif files are as follows: α-BETS2I3 2217842 (100 K) and 2217843 (296 K); α-ET2I3 2217847 (100 K) and 2217848 (296 K).




2.6. Band Structure Calculation


The electronic band structures of the materials were calculated using the Vienna Ab initio Simulation Package (VASP) [70]. PBE functional [71] was used along with the augmented plane wave method. Crystal structures derived from the X-ray diffraction experiments were used, and no structure optimization was performed. The atomic parameters used in the calculation were submitted as cif files. The structural data were partly (80 K and 30 K for α-BETS2I3 [25] and 150 K and 30 K for α-ET2I3 [49]) provided by Prof. H. Sawa at Nagoya University in Japan; the remaining structural data (296 K and 100 K for both α-BETS2I3 and α-ET2I3) were obtained in this study as described above. The details of structural analyses were included in the cif files. The energy convergence with the cut-off energy and K-point density was carefully examined and the final cut-off of 1000 eV and 8 × 8 × 4 K-points were found sufficient to achieve the convergence of the total energy < 10−3 eV/atom.





3. Results and Discussion


Below, we briefly summarize the structural and physical properties of α-D2I3. These properties are known [19,20,21,22,23,24,25,26,45,46,47,48,49,50], but are necessary for proving the validity of our calculated band structures. As the observed electronic properties and calculated band structures in previous papers do not always provide necessary information for comparison with our calculated band structures in detail, we re-examined the physical properties shown below. The disorder at the inner-chalcogen (Se and S) atom sites prevented us from evaluating the band structure of α-STF2I3 using the same calculation as that employed for the other two salts [21,26,63]. Thus, we will not discuss the band structure of α-STF2I3 and will only discuss the physical properties of α-STF2I3 for comparison. There are papers showing that the STF salt belongs to the ZGSs at ambient pressure despite the disorder at the STF sites [21,26,36,63]. Thus, the physical properties of α-STF2I3 augment the current understanding of the behavior of the DFs in α-D2I3.



3.1. Crystal Structures of α-D2I3


Except for the change in the space group in the phase transition at 135 K for α-ET2I3, the crystal structures of α-D2I3 (D = ET, STF, and BETS; Figure 1c,d) are qualitatively identical and practically independent of the temperature T, which is consistent with that reported in the previous studies [19,45,46,47,48,49]. An important feature is that there are weak and T-dependent charge-transfer (CT) interactions between D and I3 in addition to the strong D–D CT interactions that yield D(0.5−δ/2)+ and I3(1−δ)− (0 < δ << 1) [72,73]; this indicates that both D and I3 are radical species. The band formation is dominated by D–D interactions, whereas band reshaping is driven by D–I3 interactions [72,73]. The D cations aggregate via S---S short (<van der Waals distance of 3.70 Å) contacts, and they form 2D conduction sheets in the ab planes. In addition, the I3 anions are sandwiched between these sheets, and they develop H bonds with the ethylene groups of the D cations (C-H---I). The D–I3 interactions occur via different pathways based on the C-H---I contacts (H---I distances of ca. 3.0–3.5 Å). The amount of CT between D and I3 depends on T. This structural feature produces rather complicated hyperfine structures in the electron spin resonance (ESR) spectra, as discussed hereinafter, which provides evidence for the D–I3 interactions.
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Figure 1. Organic Dirac fermion systems: (a) A characteristic band structure of Dirac fermion (DF) systems in the zero-gap semiconductors around a Dirac point, which is the apex of the cone indicated by a broken arrow. In this example, a pair of bands (E1(k) and E2(k)) form a cone-type band structure in the kxky space. © 2020 The Physical Society of Japan (J. Phys. Soc. Jpn. 89, 023701) [21]; (b) Chemical structures of ET = bis(ethylenedithio)tetrathiafulvalene, STF = bis(ethylenedithio)diselenadithiafulvalene, and BETS = bis(ethylenedithio)tetraselenafulvalene; (c) Crystal structures (view along the a axis) of α-ET2I3. The broken lines represent (C-)H---I and (C-)H---S contacts that are shorter than the van der Waals distances, i.e., 3.35 and 3.05 Å, respectively. These contacts demonstrate the ET–I3 interactions, which drive band reshaping and transformation between SFs and DFs; (d) Crystal structures (view along the c axis) of α-ET2I3. The I atoms are omitted in Figure 1d for clarity. 
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3.2. Physical Properties of α-D2I3


Figure 2 shows the T dependencies of the electrical resistivity (ρ: Figure 2a,b) and paramagnetic susceptibility (χp: Figure 2c,d) of α-D2I3. Below ~120 K, the resistivity of α-ET2I3 exhibited a very small temperature dependence (activation energy ~5.2 meV at 78–105 K). This activation energy well agreed with the present band calculation (4.23 meV at 100 K) as discussed below. Additionally, our observation of the temperature-dependent activation energy, which clearly decreased at ~70 K, agrees quantitatively with the previous study [74]. The paramagnetic susceptibility χp manifests the net contribution of the carriers to the magnetic susceptibility. The high values of χp below 135 K appears to contradict the fact that this salt is in the insulating phase below 135 K. However, a substantial number of residual spins were observed in the insulating phase of α-ET2I3.



For example, Venturini et al. [53] and Sugano et al. [54] measured the ESR of the single crystals of α-ET2I3 down to 76 K and 5 K, respectively. Uji et al. measured the resistances in the ab plane at low-bias voltages of α-ET2I3 down to ~30 K [55]. These studies indicate the existence of (thermally excited) unpaired electrons/holes well below 135 K. Both ρ and χp exhibit a metal–insulator (M–I) transition at 135 K for α-ET2I3 (Figure 2a,c); the metallic carriers (SFs) disappear below this temperature [48,50]. The values of χp and ρ at T < 135 K are considerably high and low, respectively, for the insulating solids, which suggests that there is a different type of carriers (fermions) that dominates χp and ρ at ~100 ≤ T < 135 K. The calculated band structure (Figure 3) indicates that the carriers contain thermally excited holes and electrons across the band gaps of a few millielectronvolts at the Dirac points. Depending on the chemical potential varying with T, these carriers should behave as DFs when they are thermally excited and are located at the linear band curvatures of the Dirac cones. At T ≤ 30 K, the thermally excited carriers are massive (SFs) because there are no more Dirac cones in the bands. The complicated T dependencies of the band structures (Figure 3, Supplementary Figure S1) create a striking contrast with the monotonical T dependencies of the electrical and magnetic properties of α-D2I3 (Figure 2) except for the M–I transition of α-ET2I3. This is because SFs and DFs coexist to contribute to the physical properties in a wide T range; the ratio (SFs/DFs) varies sensitively with T. The coexistence of SFs and DFs in some materials was previously suggested for α-ET2I3 [28,64,65] and was reviewed for other materials [75]. Therefore, we cannot explain all physical properties from room temperature to the ground states based exclusively on either SFs or DFs in α-D2I3. Similar cases are reported in different types of materials: the physical properties of some DF systems can be understood by assuming that they contain different types of fermions [26,76,77,78]. The importance of electronic correlation effects on the physical properties of α-ET2I3 is also discussed [19,28,29].




3.3. Calculated Band Structures of α-ET2I3


The accuracy of the present band calculation is demonstrated to be ~0.04 meV by a series of closely related calculations of different groups [64,79,80]. Initially, the acquired band structures of α-ET2I3 (Figure 3) are discussed by comparing them with the observed physical properties of α-ET2I3 (Figure 2) to confirm the validity of the band calculation. The closely related band structures of α-BETS2I3 (Figure 4) and physical properties of the remaining α-D2I3 (D = STF and BETS) are described in this section to demonstrate the general aspects of band reshaping associated with the physical properties. Figure 3 depicts the band structures of α-ET2I3 calculated using the Vienna ab initio simulation package based on the crystal structures at 296, 150, 100, and 30 K under ambient pressure. We initially discuss the band structures obtained in the metallic phase (296 and 150 K) followed by those acquired in the insulating phase (100 and 30 K) because α-ET2I3 demonstrates an M–I transition at 135 K, where drastic changes in the band structures and physical properties are expected [48,49,50].



α-ET2I3 exhibits the characteristic 2D ET arrangement and isotropic metallic conduction in the ab plane at 296 K. The obtained band structure at 296 K indicates significantly isotropic metallic dispersion in the kakb plane, and it is qualitatively consistent with the crystal structure and conducting properties. Furthermore, the acquired band structures have two important features in terms of band reshaping, which are driven by the ET–I3 CT interactions.



First, the Fermi level is located at the top bands (red) of the four highest occupied molecular orbitals (HOMOs) of ET and the second band (blue) is fully filled. This implies that ET cation radicals are not quarter-filled (ET+0.5 and I3−) but are electron doped by the I3 anions (ET(0.5−d/2)+ and I3(1−d)−). This contradicts the early-stage band calculation finding of a semi-metallic band structure with almost-equal areas of electron and hole pockets [51], where they did not consider ET–I3 interactions. In most of the previous band calculations, some did not consider the CT interaction between I3 and D [25,51,60,61,64,66], while some included the I3 anions but obtained band structures with a negligible effect of the I3-D CT interactions [24,62]. As a result, many of them suffered from some inconsistency with the observed physical properties or adjusted some parameters such as spin-orbit coupling constants to agree with the observations. The present band structure contains both electrons and holes as thermally excited Dirac electrons and holes, in addition to the normal electrons at the Fermi surface. Additionally, the calculated band gap between the Dirac cones is less than a few meV (~5–50 K) depending on the temperature T, implying that there are thermally excited Dirac electrons and holes as a part of the carriers down to the lowest T of the measurements in this work (~2 K). Their contribution to physical properties depends not only on their numbers but also on their mobilities and anisotropies. Thus, we cannot tell whether such a type of material would behave as a hole or electron conductor solely from the calculated band structures. The T-sensitive band structures make the major carriers' sign more unpredictable. This feature of band structure is common for α-D2I3 (D = ET (Figure 3), BETS (Figure 4)). The validity of these bands should be confirmed by the data of Hall coefficients and thermoelectric power for α-ET2I3 at 1 bar and T ≥ 30 K; yet, they are not reported. For α-BETS2I3 at 1 bar, only the Hall coefficients are reported, which are small and noisy at T ≥ 50 K [81]. The observed change in the sign of Hall coefficients of α-BETS2I3 at ~150 K can be partly explained by the present band calculation indicating that either holes or electrons are doped from I3 to BETS depending on T (Figure 4). Therefore, our calculation does not contradict with previous experimental results. The bottom of the top band is apparently flat, and it produces a small Fermi surface as a shallow electron pocket at approximately (ka, kb) = (0.05, 0.05). The nonlinear band curvature around the Fermi surface renders the doped electrons to behave as SFs. Dirac cones can barely be recognized because of the flattening of the bottom band.



The second feature is a small indirect bandgap at the Dirac point Eg(296 K) = 2.91 meV. The band structure at 296 K is metallic with a Fermi surface at approximately (ka, kb) = (0.05, 0.05); however, an energy gap exists between two Dirac points at approximately (ka, kb) = (0.025, 0.06) and (0.08, 0.035). The developing Dirac points are situated at substantially different positions from the Fermi surfaces, which supports the theory that massless (Dirac) and massive (standard) fermions can coexist. Below 150 K, a further decrease in T causes the curvatures of the band structures to gradually transform around the Fermi level. The nearly flat-bottomed top (red) band along with the second (blue) band at 296 K starts to develop a Dirac-cone-like shape at 150–100 K. Indirect band gaps between “primitive Dirac points”, i.e., the lowest and highest energy points in the top and second bands, respectively, were 3.71 meV at 150 K and 4.23 meV at 100 K. This allows the coexistence of DFs and SFs, and is quantitatively consistent with the observed electrical, magnetic, and optical properties.



At 100 K, the small Fermi surface located at the bottom of the top band at 296 K disappears, which results in an insulating band structure consistent with the observation of the electrical and magnetic properties (Figure 2). The band gap (Eg(100 K) = 4.23 meV) is indirect and located around the Dirac points. Although the Dirac cones are unclear, band dispersion around both ends of the top bands show linear curvatures, which render the electrons (and holes) massless (DFs). Similarly, thermal excitation across the band gap between “primitive Dirac points” produces Dirac-like electrons and holes, which account for the observed high electrical conductivity in the insulating phase (T < 135 K). The activation energy at 78–105 K (5.2 meV), derived from the T-dependent ρ (Figure 2b), quantitatively agreed with our calculated band gap (4.23 meV at 100 K). There is a theoretical paper suggesting the essential change in Dirac cones at ~100 K, in addition to the coexistence of the standard and Dirac fermions depending on the temperature [64]. Despite the sharp M–I transition at 135 K, the band structure, which includes the band gap, almost retained its shape between metallic (150 K) and insulating (100 K) phases. The curvature of the top band slightly changed from convex (296 K) to concave (100 K). The electrons accommodated in the top band at 296 K completely disappeared at 100 K, which led to the disappearance of the Fermi surface. Unlike common M–I transitions, the transition in α-ET2I3 does not originate from band splitting with the loss of all unpaired electrons or holes; instead, it originates from the band reshaping associated with the ET–I3 CT interactions. As a CT interaction is a kind of redox reaction, the degree of CT interactions depends on T, and affects details of the band structures and band fillings (the number of carriers) simultaneously. This scenario of band reshaping across the M–I transition is consistent with that discussed in previous studies [49,52,53,54,55]. Such a T-sensitive band structure results in the coexistence and reversible interconversion between DFs and SFs. A previous optical study on α-ET2I3 at 17 K revealed that the energy gap in the insulating phase was 75 meV [52]. This optically estimated value should be compared with the corresponding energy difference in our calculation, namely, ~85 meV, because this value corresponds to a direct gap around the location of the Fermi surface in the metallic band structure, which agrees with the optically observed value (75 meV).



At 30 K, the bottom of the top band became nearly flat again, and the band gap (~26.8 meV) became evident at the Fermi level, which completed the M–I transition. This band reshaping can be referred to as merging; that is, a pair of symmetry-related Dirac cones merge into a flat-bottomed band, which simultaneously lose Dirac points, Dirac cones, and DFs.



The calculated band structures of α-BETS2I3 at 296 K, 100 K, 80 K, and 30 K are shown in Figure 4. At 296 K, both top (red) and second (blue) BETS HOMO bands intersect with the Fermi level, indicating that α-BETS2I3 at 296 K belongs to a semimetal. This is consistent with the observed behavior of electrical resistivity and magnetic susceptibility (Figure 2). Notably, the bottom of the top (red) band remains rather flat at all the temperatures, suggestive of merging between two overtilted Dirac cones [23,25,33,34,35,81]. Both top and second HOMO bands in the BETS salt possess about twice widths of those of corresponding bands in the ET salt, reflecting stronger D–D interactions in the BETS salt than those in the ET salt. There are band gaps between primitive Dirac points, namely 2.60 meV (296 K), 0.014 meV (100 K), 1.28 meV (80 K), and −0.04 meV (30 K). Herein, the negative sign of the band gap at 30 K implies that the energy of the bottom of the top-band Dirac cone is higher than that of the top of the second-band Dirac cone. The calculated band gaps strongly agree with previously reported values [25,81]. All these band-structure features indicate the BETS salt is close to overtilting and the merging of a pair of Dirac cones, as well as close to a ZGS at ambient pressure in the ground state as previously suggested by calculations [24,25]. Regarding the band reshaping, Figure 3 and Figure 4 show that α-D2I3 (D = ET and BETS) share a qualitative T-dependence. In our calculation, α-BETS2I3 retained the metallic band structure down to 30 K. However, the electrical resistivity of α-BETS2I3 smoothly commenced to increase at ~50 K (Figure 2a), while the magnetic susceptibility took the broad minimum at ~30 K (Figure 2c). These observed electronic behaviors suggest the significant effects of fluctuation and/or strong electron correlation at low T in α-BETS2I3 [22]. The calculated band structures would be inconsistent with the observed electronic properties owing to fluctuation and/or strong electron correlation, because they were not considered in the calculation.



In previous work, the reflectance spectra clearly exhibited Drude-type dispersions at 300–25 K for α-BETS2I3 and α-STF2I3, indicating that both salts should be metallic without M-I transitions (T ≥ 25 K) [26,46]. Meanwhile, for both salts, the electrical resistivities and magnetic susceptibilities began to increase at T0 ~50 K (BETS) and T0 ~80 K (STF) with decreasing temperature toward the ground states (Figure 2), suggesting that their ground states should be non-metallic. In both STF and BETS salts, if we assume an M-I transition from a semimetal with a flat-bottomed band at EF and almost-vanishing Fermi surfaces to a band insulator with a band gap of the order of 1 meV = 8 cm₋1, the reflectance spectra (450 cm₋1–25,000 cm−1 at 25–300 K) cannot be distinguished from those of metallic materials. Accordingly, the M-I transition and the metallic reflectance spectra can be reconciled with each other based on the present band calculation.



The obscure M-I transitions in the ρ and χ in the BETS and STF salts are explained by continuous band and Fermi surface deformations with temperature variation. With decreasing temperature across the transition, the effects of continuous shrinking (and finally disappearance) of Fermi surfaces make the M-I transition obscure, as observed in the electrical and magnetic properties of the BETS and STF salts. In fact, their unit cell volumes did not exhibit any discontinuous change at 30–300 K [25,26]. Accordingly, the M–I transitions should be of second or higher order for both STF and BETS salts. Furthermore, the M–I phase transition model proposed here accounts for the observed non-Arrhenius behavior immediately below T0 (STF and BETS) or TMI (ET) in all α-D2I3 regarding both of ρ vs. T and χ vs. T (Figure 2).



A unique chemistry underlies the abovementioned reshaping of band structures in α-ET2I3 and α-BETS2I3. We will discuss this problem more in detail in Section 3.5. The D-I3 interactions has three kinds of effects. Namely, they produce a small number of carriers in the D-main bands, they make the conduction system weakly three-dimensional, and they weaken the D-D interactions in exchange for adding the D-I3 interactions. To lower the energy of such a small carrier system, shallow convex curvature in the band around the Fermi level would be effective to accommodate the electrons at the bottoms of the downward convex curvature, whether such curvature is a shallow hollow at the bottom of the band at the Fermi level (SFs) or a pair of shallow round-apex cones (DFs). In α-D2I3 (D = ET, BETS), such slight band structure reshaping would be realized only by changes in a part of the electron distribution without the cost of lattice deformation. This is one of the possible mechanisms to explain the T-sensitive band structure. If they had many carriers at the Fermi level in a wide band with a higher anisotropy, and if the D-I3 interactions were negligible, the metal–insulator transition would involve band splitting with an evident crystal structure change in the D arrangement.




3.4. Spectroscopic Evidence for the Occurrence of DFs: ESR


Figure 5 shows the T dependencies of the ESR spectra of the ET salt under ambient pressure. The direction of the magnetic field B was parallel (0°, B // a-axes) or perpendicular (90°) to the main conduction sheets (ab planes). Even during the M–I transition, the T dependence was hardly observed in either the 0° or the 90° spectra. Instead, a significant angular dependence was noticed between the 0° and 90° spectra for the peaks centered at ~328 mT (g = 2.006); they were assigned to the carriers based on the following discussion. First, we discuss the T dependencies of these peaks in both spectra. If these peaks originate from metallic carriers, i.e., massive fermions, they should disappear below 135 K, because the salt is an insulator below 135 K. However, this is not the case here: we still observed ESR signals below 135 K. As stated above, a substantial number of spins were observed below 135 K in different physical properties of α-ET2I3 in previous studies [53,54,55]. The ESR signal intensity is not simply proportional to the number of spins when the signal originates from different kinds of spin systems with different relaxation times. The signal intensities from the different spin systems may exhibit different anisotropies, which would also deviate the T-dependence of the intensity from what is anticipated based on the number ratio between each type of spin. In this case, (Figure 5), the signal (line shape) changed from a Dysonian type (asymmetric, characteristic to metals) to a Lorentzian type (symmetric, characteristic to insulators) at the phase transition as shown in Figure 5c, which is consistent with previous work [53,54,82]. Therefore, the ESR results reconcile with the metal–insulator transition. The observation of spins in the insulating phase is explained by assuming that there are two types of carriers, i.e., metallic carriers (massive fermions) and thermally excited Dirac (massless) fermions (Figure 6), and that only the metallic carriers disappear below 135 K. Yet, a substantial number of the carriers remain by fluctuation of metal–insulator transition and thermal excitation. This assumption is consistent with the substantially high χp and low ρ of the “insulating” phase (Figure 2).



The evidently weaker intensities of the peaks at all measured T in the 90° spectra compared to those in the case of the 0° spectra are noteworthy because they indicate the occurrence of DFs. The difference is prominent only around the peak at ~328 mT. This observation is contrary to the general observation in the ESR spectra of 2D organic conductors that contain only SFs [82]. The application of B in the 90° direction generally yields a stronger peak than that when B is applied in the 0° direction [82]. However, the thermally excited DFs in α-ET2I3 at 1 bar contribute significantly to electrical conduction in the ab plane, and they generate only weak ESR signals because of their short relaxation times originating from their unusually large Fermi velocities.



Based on the calculated band structures, this finding can be explained by the peak at ~328 mT being associated with both SFs and DFs (Figure 5). Both fermions are unpaired electrons and holes, and some are produced by thermal excitation depending on the temperature. The contributions of these carriers to the ESR signal continuously crossover with a variation in T. Thermally excited DFs are important below the M–I transition T (135 K). Accordingly, at T = ~100–135 K, the weak signal at ~328 mT in the 90° spectra is associated with the dominant roles of thermally excited DF in the electrical and magnetic properties of α-ET2I3 in the ab planes.



Complicated structures are noticed at ~220–420 mT in both 0° and 90° spectra at all T. As the spins on the I atoms (I = 5/2) in the I3 anions exhibited hyperfine or superhyperfine structures, some structures were intrinsic. In fact, they partially demonstrated consistent and reproducible responses to different microwave powers (Supplementary Figure S1) and different samples/independent measurements. The observed microwave power dependencies of the peaks are quantitatively explained by hypothesizing three types of spin systems with different saturation behaviors (for details, see the note in the caption of Supplementary Figure S1). In the absence of CT interactions between the ET and I3 species, all carriers (spins) should be confined within the conducting ET (C10H8S8) sheets, and no hyperfine structures are expected. Owing to the H bonding shown in Figure 1c, all four terminal I atoms in the two crystallographically independent I3− species are inequivalent in the hyperfine interactions. Consequently, a single peak is divided into many fine peaks.




3.5. Chemistry Driving the Massless–Massive Fermion Transformation


The occurrence and disappearance of Dirac (massless) fermions in the standard (massive) fermion systems discussed above revealed the importance of a chemical equilibrium in the D–I3 interaction. This is a spontaneous solid-state redox reaction described by the following formula,


    D     0.5 − ε   +   +   I   3     1 − ε   −   ⇄   D     0.5 − δ   +   +   I   3     1 − δ   −           ( ε ≠ δ ,             D = E T ,   S T F ,   a n d   B E T S )  



(1)






  K =       D     0.5 − δ   +         I   3     1 − δ   −           D   ( 0.5 − ε ) +         I   3   ( 1 − ε ) −                       ( ε ≠ δ ,             D = E T ,   S T F ,   a n d   B E T S )  



(2)







As the equilibrium constants (K in Equation (2)) generally depend on the temperature, the redox reaction (Equation (1)) proceeds depending on the temperature. Similarly, the chemical potentials generally depend on both thermodynamic conditions and chemical environments when intermolecular interactions are important, such as those in solid states. Still, the reaction described by Equations (1) and (2) in α-D2I3 is unusual in that ε and δ can take any non-integer number, respectively, resulting in continuous change in the (metastable) oxidation states of all the chemical species involved in the reaction (Supplementary Figure S2). This is only possible when both D and I3 species form energy bands based on close D–D and D–I3 interactions. When the temperature changes, a slight change in the electron density distribution in the unit cell of α-D2I3 caused by the reaction (Equation (1)) drives band deformation as shown in Figure 3 and Figure 4. With decreasing temperature (296 K → 150 K in the ET salt and 296 K → 80 K in the BETS salt), more and more electrons or holes (massive fermions) travel to the Dirac points, because the energy at the developing Dirac points continuously becomes lower and lower until it is finally lowest in the respective bands. Thus, in a wide temperature range, a part of the doped electrons/holes from the I3 anions (massive fermions) collaborate with the thermally activated electrons/holes at the Dirac points (massless fermions) in the electronic properties. Accordingly, the transformation between massless and massive fermions can occur in a continuous manner. In summary, the abovementioned unusual chemical situation drives a continuous but qualitative change in the electrical conductivity, magnetic susceptibility, dimensionality in the electronic system, and the direction of electron transfer (electron- or hole-doping from the I3 species), in addition to the effective mass of the fermions by temperature variation.





4. Conclusions


The band reshaping of α-D2I3 (D = ET, BETS) under ambient pressure with respect to T demonstrates the lifecycle of DF, i.e., the entire process of their occurrence, development, and disappearance. Massless and massive fermions coexist and crossover each other via band reshaping. The D-I3 CT interactions play key roles in T-sensitive band reshaping. As the organic DF systems share many features with other types of DF systems, these findings shed new light on the entirety of DF systems and accelerate the progression of related studies. However, the electronic properties specific to DFs, such as T dependencies of the electrical resistivity and magnetic susceptibility and wavenumber dependence of the optical conductivity, are often featureless when compared with those of SFs [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Such monotonical behaviors of the electronic properties could be explained in various ways. As the analyses of the calculation and experimental results in this study were based on assumption and approximation as in other studies, further research from different perspectives and methods for crosschecking are required for a deeper insight into the nature of DFs.
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Figure 2. Temperature (T) dependencies of the physical properties (ρ) of α-D2I3: (a) Electrical resistivity (ρ). D = ET (red), STF (green), and BETS (violet). The vertical axis for ρ is normalized by ρ at 300 K. The absolute values of ρ at 300 K for the three materials are 47 (D = ET), 2.2 (D = STF), and 2.9 (D = BETS) in the unit of 10−2 Ω cm; (b) Enlarged view of ρ at low T, which shows thermally activated T-dependence near the ground states. Energy gaps estimated from the best-fit lines are 5.2 (ET, 78–105 K), 6.7 (STF, T ≤ 16 K), and 1.4 (BETS, T ≤ 16 K) meV; (c) Paramagnetic susceptibility (χp). D = ET (red = field-cooling (FC) and blue = zero-field cooling (ZFC)), STF (green = FC and pale brown = ZFC), and BETS (black = FC and violet = ZFC). The absolute values of χp at 300 K for the three materials are 1.9 (D = ET), 2.0 (D = STF), and 1.5 (D = BETS) in the unit of 10−3 emu G−1 mol−1; (d) Enlarged view of χp at low T, which shows a unique power-law T-dependence near the ground states. The T-dependencies of χp near the ground states are different from those of ρ in each α-D2I3. D = ET (red), STF (green), and BETS (violet). Black lines represent the best-fit lines in the indicated T ranges: χp ∝ T−0.24 (T < 10 K), χp ∝ T−0.23 (T < 16 K), and χp ∝ T−0.25 (T < 16 K) for D = ET, STF, and BETS, respectively. 






Figure 2. Temperature (T) dependencies of the physical properties (ρ) of α-D2I3: (a) Electrical resistivity (ρ). D = ET (red), STF (green), and BETS (violet). The vertical axis for ρ is normalized by ρ at 300 K. The absolute values of ρ at 300 K for the three materials are 47 (D = ET), 2.2 (D = STF), and 2.9 (D = BETS) in the unit of 10−2 Ω cm; (b) Enlarged view of ρ at low T, which shows thermally activated T-dependence near the ground states. Energy gaps estimated from the best-fit lines are 5.2 (ET, 78–105 K), 6.7 (STF, T ≤ 16 K), and 1.4 (BETS, T ≤ 16 K) meV; (c) Paramagnetic susceptibility (χp). D = ET (red = field-cooling (FC) and blue = zero-field cooling (ZFC)), STF (green = FC and pale brown = ZFC), and BETS (black = FC and violet = ZFC). The absolute values of χp at 300 K for the three materials are 1.9 (D = ET), 2.0 (D = STF), and 1.5 (D = BETS) in the unit of 10−3 emu G−1 mol−1; (d) Enlarged view of χp at low T, which shows a unique power-law T-dependence near the ground states. The T-dependencies of χp near the ground states are different from those of ρ in each α-D2I3. D = ET (red), STF (green), and BETS (violet). Black lines represent the best-fit lines in the indicated T ranges: χp ∝ T−0.24 (T < 10 K), χp ∝ T−0.23 (T < 16 K), and χp ∝ T−0.25 (T < 16 K) for D = ET, STF, and BETS, respectively.



[image: Magnetochemistry 09 00153 g002]







[image: Magnetochemistry 09 00153 g003 550] 





Figure 3. T-dependent band structures for α-ET2I3. The figures in the middle row from the left to the right show the gradual growth of Dirac cones from the flat-bottomed bands with decreasing T followed by the disappearance of the Dirac cones at 30 K. The Fermi levels (EF) are indicated by the gray plane in the bottom figures (296 and 150 K). (Top) The outline, (middle) close-up views of the calculated band structures at the Dirac points, and (bottom) close-up views of the calculated band structures on the Fermi surfaces. The broken ovals in the bottom figures indicate the locations where EF intersects the bottom of the top (red) band (296 K) or the top of the bottom (blue) band (150 K). The band gap between the Dirac cones at 100 K in the figure appears significantly smaller than the actual band gap (4.23 meV) because the viewing angle is highly inclined against the vertical (energy) axis. 
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Figure 4. T-dependent band structures for α-BETS2I3. The figures in the middle row from the left to the right show the gradual changes in band filling and band shape with decreasing T. The Fermi levels (EF) are indicated by the gray plane in the bottom figures. (Top) The outline, (middle) close-up views of the calculated band structures at the Dirac points, and (bottom) close-up views of the calculated band structures on the Fermi surfaces. The yellow and black broken ovals in the bottom figures represent the Fermi surfaces at 100 and 80 K, respectively. 
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Figure 5. T-dependent ESR spectra of α-ET2I3: (a) 0° spectra; (b) 90° spectra; and (c) enlarged view for comparison of the line shapes between metallic (296 K) and insulating (123 K) phases. The 123 K spectrum is vertically offset for easy comparison of the height/depth of the peaks/valleys. The spectra in a and b were obtained from the same single crystal. The spectra in c were obtained from the different sample from those in a and b to show the reproducibility of the Dysonian (296 K) and Lorentzian (123 K) line shapes. The black arrows indicate possible hyperfine (nuclear spin–electron spin) or superhyperfine (nuclear spin–nuclear spin) structures. 
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Figure 6. Schematic T-driven band reshaping of: (a) α-ET2I3; and (b) α-BETS2I3. From left to right, the figures show small but qualitative changes in the band structure and band filling of the electrons and holes with decreasing T. Red and blue curves represent the top and second HOMO bands, respectively. For the ET salt, at 296, 150, and 100 K, the shaded areas in the black broken circles at the growing Dirac points indicate thermally excited electrons (in the top band) and holes (in the second band), both of which are Dirac fermions (massless). For the ET salt, at 296 and 150 K, the shaded areas in the red broken circles represent the metallic carriers on the Fermi surface (massive fermions at 296 K and massless fermions at 150 K). Similarly, for the BETS salt, the shaded areas in the black (at 296, 80, and 30 K) and red (at 296 and 100 K) broken circles at the Dirac points indicate metallic carriers (black = filled with holes, blue = filled with electrons) on the Fermi surfaces. For the BETS salts, thermally excited electrons/holes at the Dirac points are not drawn, for they may be confused with the metallic carriers at the Dirac points. In the case of the BETS salt at 100 K, the Dirac points are slightly lower than the Fermi level in energy. 
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