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Abstract

:

Exotic superconductivity that appears near the charge ordering instability has attracted significant interest since the beginning of superconducting study. The discovery of possible coexistence of charge ordering and superconductivity in cuprates and kagome metals has further fascinated researchers in recent years. In this review, we focus on the BEDT-TTF-based organic superconductor with β″-type molecular packing sequence, which shows the charge ordering transition in the very vicinity of superconducting transition, and summarize the experimental results reported up to the present. At the charge ordering temperature, ultrasonic measurement detects the softening of the crystal lattice, and 13C-NMR measurement shows an increase in nuclear spin-lattice relaxation rate divided by temperature 1/T1T. These results suggest that low-energy dynamics are activated near the charge ordering transition, leading us to invoke the charge-fluctuation mediated superconducting pairing mechanism.
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1. Introduction


Metallic conductivity in a material is introduced by doping carriers to the conduction band. When the conduction band is empty, a material simply shows an insulating behavior and is referred to as the band insulator. Even with the carriers in the conduction band when the doping level is 1/2, the onsite electron-electron correlations disturb the itinerancy of carriers to cause another insulating state, known as the Mott–Hubbard insulator [1,2]. Prominent many-body effects near the half filling result in fascinating physics, such as metal-insulator transition and unconventional superconductivity. Moreover, at the doping level of 1/4, long-range Coulomb interactions enforce the carriers to localize at every second site, leading again to an insulating state with charge ordering [3,4]. The electrons near this charge ordered state would also host exotic ground states through the long-range electron-electron correlation effect. The effect of charge ordering on superconductivity has been intensively studied since the discovery of charge ordering in copper-oxide superconductors [5,6]. Recent discovery of superconductivity in the charge ordered state of kagome metal CsV   3  Sb   5   further promotes the discussion on the novel superconducting mechanism mediated by charge fluctuations [7,8,9]. The increased charge fluctuations near the valence criticality in CeCu   2  Si   2   were also proposed to support superconductivity [10]. Above all, organic conductors that show both superconductivity and charge ordering have been the most intensively studied for decades [11,12,13,14,15,16,17,18,19]. Although coexistence between superconductivity and charge instability has been found in a variety of materials with different electronic orbitals, no universal understanding on its mechanism has been given. In this review article, we focus on a BEDT-TTF-based organic conductor, which shows the superconducting and charge ordering transitions at almost the same temperature, and summarize the experimental studies reported thus far.



The BEDT-TTF based organic conductors with the chemical formula (BEDT-TTF)    2  X   (X = monovalent anion) ideally possess 1/4 carriers per single BEDT-TTF site. In the celebrated  κ -type salts, however, the conduction band is constructed from effective (BEDT-TTF)   2   molecular orbital formed by the strongly dimerized two BEDT-TTF molecules, and thus the half filling per (BEDT-TTF)   2   dimer results in Mott physics [20]. The 1/4 filling per BEDT-TTF site is restored by arranging the BEDT-TTF molecules in a way that prevents dimerization, for instance,  θ -type and  β -type molecular arrangements [18,19,21,22]. The charge ordered state is found in these series of organic conductors, and, most importantly, superconductivity appears near the charge criticality. In this respect, our interest is directed to the    β ″   -type molecular arrangement, because the charge ordering temperature    T CO  ≃ 8.5   K was found in the proximity to the superconducting transition temperature    T c  ≃ 7   K in    β ″   -(BEDT-TTF)   4  [(H   3  O)Ga(C   2  O   4  )   3  ]·PhNO   2   [23]. Here, we summarize the electronic properties of    β ″   -(BEDT-TTF)   4  [(H   3  O)M(C   2  O   4  )   3  ]  · G   salts with several metallic ions M and guest molecules G and review the detailed experiments performed for a salt with the specific combination of   M =   Ga and   G =   PhNO   2  .



This review article is constructed in the following way. In Section 2, we summarize the crystal structure and superconducting transition temperatures reported for a series of    β ″   -(BEDT-TTF)   4  [(H   3  O)M(C   2  O   4  )   3  ]  · G   salts. (Hereafter, these chemical formulae are abbreviated as    β ″   -  M / G  .) Section 3 addresses the chemical pressure effects introduced by the guest molecules. The quantum oscillation, elastic constants,    13  C-NMR, and EPR measurements conducted to investigate the charge ordered state in    β ″   -Ga/PhNO   2   are summarized in Section 4, Section 5, Section 6, and Section 7, respectively. In Section 8, we present the superconducting properties measured by the temperature, field, and field-orientation dependence of heat capacity. Finally, in Section 9 a summary of our current understanding on the basis of reported results and perspective will be given.




2. Crystal Structure and Fermi Surface


   β ″   -(BEDT-TTF)   4  [(H   3  O)Ga(C   2  O   4  )   3  ]PhNO   2  , which we focus on in this review, belongs to the 4:1    β ″   -type BEDT-TTF-tris(oxalato)metallate salts known as the Day series [24,25]. This 4:1    β ″   -type family, having the formula (BEDT-TTF)   4    A M  (C   2  O   4  )   3  G, is synthesized by means of electrochemical oxidation of the organic BEDT-TTF donor with 18-crown-6 ether and counter molecule   A M  (C   2  O   4  )   3   in solvents G under galvanostatic current. Martin and co-workers successfully obtained pseudo- κ  [26,27,28],  α -   β ″    [26,29], and 2:1-   β ″    with 18-crown-6 [26,30,31,32] phases in addition to the 4:1    β ″   -phase by optimizing the synthesis conditions for each phase. For the 4:1    β ″   -phase, independent studies by Akutsu, Coronado, Martin, and Prokhorova and their co-workers report an extensive variety of M(=Fe    3 +   , Cr    3 +   , Ga    3 +   , Rh    3 +   , Ir    3 +   , Ru    3 +   , Al    3 +   , Co    3 +   ) and G(=C   5  H   5  N, DMF, PhCN, PhNO   2  , PhBr, PhCl, PhF, PhI, CH   2  Cl   2  ) [23,25,26,27,28,33,34,35,36,37,38]. When M = Ga and G = PhNO   2  , the 4:1    β ″   -salt is often obtained as the minor product with the major product of the semiconducting pseudo- κ  phase crystals.    β ″   -Ga/PhNO   2   salt crystallizes as black distorted hexagonal rods, whereas the pseudo- κ  phase crystallizes as dark-brown diamond-shaped plates.



The 4:1    β ″   -salts crystallize in the monoclinic space group   C 2 / c  . As shown in Figure 1, this series has a two-dimensional layered structure composed of the BEDT-TTF layers and counter layers. The two crystallographically independent BEDT-TTF molecules, A and B, are stacked in the    β ″   -type arrangement with weak tetramerization without strong dimerization in the a-b plane. In the counter anion layers,   M  3 +    and   A +   form a hexagonal frame bridged by (C   2  O   4  )    2 −   , and G occupies the cavity. The weak tetramerization of the quarter-filled BEDT-TTF system leads to the semimetallic band structure with the compensated Fermi surface of the electron and hole pockets, as calculated by the extended-H  u ¨  ckel tight-binding method [39] with a unit cell transformation from the C-centered lattice to the primitive lattice [40,41], shown in Figure 1d,e. The small Fermi pockets indicate a small number of itinerant carriers, which weakens the Coulomb screening effect, and therefore, the long-range Coulomb repulsion effectively induces the instability of charge distribution.




3. Chemical Pressure Effect


Because electronic states depend on the transfer integral between the BEDT-TTF molecules, each M/G should exhibit different low-temperature behavior through the chemical pressure effect. Figure 2a shows the temperature dependence of the out-of-plane resistance R(T) reduced by R(300 K) for several M/G [41]. In the inset, the low-temperature region is enlarged to show the superconducting transition clearly. Whereas R(T)/R(300 K) above 100 K is moderate in all salts, the low-temperature R(T) behavior strongly depends on the chemical pressures. For the higher-  T c   salts, such as Fe/PhCN and Ga/PhNO   2  , an abrupt increase in the resistance is observed at approximately 10 K, whereas the lower-  T c   salts and non-superconducting salts do not show such semiconducting behavior. A simple deduction is that the factor producing this semiconducting nature raises   T c  . Namely, the origin of the change in the electronic state around 10 K should be connected to the origin of superconductivity. To organize these results, the chemical substitution effect is summarized in view of the effective pressure applied to the electronic state. Assuming that the size of the hexagonal cavity in the counter layer governs the arrangement of the BEDT-TTF molecules and the distances between them, the size of G occupying the vacancy must be important. Because the guest molecules G orient toward the b axis as shown in Figure 1, the b-axis length should dominantly control the chemical pressure. Indeed, the longer G, such as PhCN and PhNO   2  , gives the longer b-axis length compared to the shorter G, such as C   5  H   5  N and CH   2  Cl   2   (Figure 2c). To ascertain the b-axis length dependence of the electronic state, we plotted   T c   as a function of b-axis length in Figure 2c. The values of   T c   for the series of salts reported in Refs. [23,28,34,35,36,38,41,42,43] were determined by the resistivity data presented in these studies. The large positive correlation coefficient R∼0.84 indicates that the electronic state is certainly under the influence of the b-axis length.



To understand the low-temperature electronic state in more detail, the magnetoresistance measured at 1.5 K [41] is displayed in Figure 3a. For some salts, superconductivity is observed and immediately suppressed below a few teslas. At higher fields (>10 T), Shubnikov–de Haas (SdH) oscillations are observed. Note that Fe/PhCN and Ga/PhNO   2   do not exhibit large SdH signals as compared to other salts; however, small oscillations certainly appear in the higher-field region as enlarged in the inset. The Fourier transform spectra of the SdH oscillations are shown in Figure 3b. As expected for a compensated metal, Fe/PhCN and Ga/PhNO   2   show only one signal at the SdH frequencies of 195 T and 220 T, respectively. These results are consistent with the band calculation [40,41], suggesting that the cross-sectional area of the Fermi pockets A   FS   is approximately 10% of that of the Brillouin zone A   BZ  . In the case of the other salts, some other additional peaks are observed in the low-frequency region (∼50 T), which means that a split of the Fermi surface occurs and changes the topology of the Fermi surface. Indeed, the band calculations for some salts [41] indicate that an additional tiny hole pocket appears around the Y point depending on transfer integrals. To study the chemical pressure effect on the SdH oscillations simply, we here focus on the signal of the electron pocket at the M point (marked with each circle). Referring to the reported data by Bangura, Coldea, Prokhorova, Uji, and ourselves [37,40,41,42,43,44], we show the ratio A   FS  /A   BZ   (c) and the effective electron mass   m *  /  m e   (d) as a function of b in Figure 3. These results also clarify the b-axis length dependence of the electronic state. As the elongation of the b-axis length with the longer G should reduce the amplitude of the transfer integrals in the molecular stacking, it is reasonable that increasing b leads to the diminution in A   FS  /A   BZ   and augmentation of   m *  /  m e  . This perspective is consistent with the variation of band structure calculated as a function of long-range electron correlations V normalized by the band width W [41]. That is to say, the electron correlations leading to the charge disproportion facilitate superconductivity.




4. Charge Ordered State Viewed from High-Field Quantum Oscillations


In the last section, we elucidated that the long-range electron correlations are important for superconductivity. Considering that electron correlations of  π  electrons in the quarter-filled    β ″   -type salts induce charge instability in itinerant carriers according to V/W, the charge degrees of freedom must be discussed. As introduced above, Ga/PhNO   2   is a good target for this discussion due to the coexistence of the charge ordering and superconductivity, and thus, we hereafter focus on Ga/PhNO   2  .



Figure 4a shows the SdH oscillatory component in the electrical transport  Δ R   osc  /R up to 60 T at various temperatures [45]. At low temperatures, the amplitude of the observed SdH oscillations dwindles above 40 T and cannot be explained by a single-component SdH oscillation. This behavior can be understood by assuming that the two oscillations interfere with each other and render the oscillation beating. Indeed, using the two-component Lifshitz–Kosevich (LK) formula, the field dependence can be reproduced, as described by the dotted curves. In Figure 4b, we present the thermal variation in the frequency F of one of the SdH signals. At higher temperatures, the F is approximately 220 T, which agrees with the value discussed above [40,41,43]. Below ∼8 K, where the charge disproportion develops, the value of F decreases. This means that unbalance between the hole and electron Fermi pockets manifests in the charge ordered state, and the different cross sections of Fermi surface yield the beating of the SdH oscillations. Considering the proportional relation between F and   A FS  , the result indicates that the charge ordering reduces the number of itinerant carriers. Naturally, the charge ordering affects the effective electron mass. Figure 4c displays the amplitude A at 42 T as a function of temperature. The dotted curve represents a fit to the LK formula with   m *  /  m e   = 1.6. Above 8 K, the obtained data have larger values than the fitting curve. To make this deviation clearer, the ratio of the data and fit, A/A(  m *  /  m e   = 1.6), is shown in the inset. As a smaller   m *  /  m e   causes a larger A, the behavior indicates that the charge ordering enhances   m *  /  m e  . As the charge ordering should connect with the localization of the electrons in the strong electron correlations, these results seem to lend support to the present scenario.




5. Elastic Response to Charge Instability


As charge ordering transition can be detected by elastic properties through the coupling between an electric quadrupole moment and strain of lattice [46], the ultrasonic properties are measured by our group and the results reported in Ref. [45] are presented in Figure 5. The relative change in the longitudinal ultrasonic attenuation  Δ  α  shows the broad maximum around 9 K. The relative change in the elastic constant  Δ C   L  /C   L   also suggests that the lattice is softened in this temperature region. The absence of the magnetic field dependence in this temperature range indicates that this anomaly is not related to superconductivity and magnetic degrees of freedom. Therefore, the lattice softening is induced by the development of the pure charge fluctuations that result in the static charge ordering at 8.5 K. This viewpoint shows a good agreement with the results of the    13  C-NMR [47,48] as well as the high-field SdH [45] studies discussed in Section 4 and Section 6. Note that the small softening observed at 6 K (inset) is attributable to the superconducting transition due to the suppression in a magnetic field.




6. Charge Ordering Observed by    13  C-NMR Spectroscopy


NMR spectroscopy is a powerful tool to measure the disproportionate local charges at BEDT-TTF molecules. In this section, we explore the static properties of the charge-ordered state by reviewing the highly resolved NMR spectra taken at 15 T and precisely quantify the site-charge modulation that appears near the superconducting transition [47,48].



When the external field is applied along the b axis, a single    13  C-NMR peak was observed at 20 K, as shown in the inset of Figure 6a. The single-peak spectrum was broadened at low temperatures, and a clearly resolved two-peak structure was observed at 1.6 K. We determined the NMR shift  δ  from the peak positions and display the temperature dependence of the NMR shift for each peak in Figure 6a. The peak splitting was observed below 8.5 K both at 15 T and 8 T. This peak splitting cannot be explained by the effects of a superconducting transition, because   T c   is suppressed to 3 K at 15 T. Only a barely resolved kink in the NMR shift was observed at   T c  . It is clear that the temperature variation of  δ  and the peak splitting in units of parts per million (ppm) are identical between 8 and 15 T. The field-independent peak separation confirms that electron spins are in the paramagnetic state and have polarization proportional to the external magnetic field. This indicates the absence of a spontaneous internal field, which could have been generated by some field-independent magnetic ordering. We identified that the transition at 8.5 K is the order in the charge degrees of freedom, in which the molecular site charges deviate from the formal value of   0.5 e  . We assigned the broad and the sharp peak as the NMR signal from the charge-rich (R) and charge poor (P) sites, respectively, according to the discussion given later. The peak separation is related to the charge imbalance between the R and P sites and is proportional to the order parameter of the charge-ordered state.



The dynamical properties of electrons associated with the charge ordering transition are investigated by measuring the nuclear spin-lattice relaxation rate   1 /  T 1    at 3.6 and 7 T [47]. As shown in Figure 6b,   1 /  T 1  T   increases with decreasing temperature, forming a peak at   T CO  . In general,   1 /  T 1  T   is proportional to the square of the density of states in the Fermi liquid state and is temperature independent. The temperature dependence of   1 /  T 1  T   is introduced by the enhanced magnetic fluctuations in the vicinity of magnetic criticality. For charge ordering    β ″   -Ga/PhNO   2  , however, weak magnetic fluctuations cannot induce a strong temperature dependence in   1 /  T 1  T  . Charge fluctuations should be enhanced around   T CO  , but they are not directly coupled with    13  C nuclear spins, because    13  C nuclei with a nuclear spin   I = 1 / 2   do not carry an electric quadrupole moment, which can interact with charge fluctuations and cause relaxation of nuclear magnetization. The coupling between charge and magnetic fluctuations is required to increase   1 /  T 1  T   at   T CO  . One possible interpretation is that the fluctuations in local spin density, which are generated by charge density fluctuations, create fluctuating hyperfine fields at the    13  C site. Direct observation of charge fluctuations by quadrupolar nuclear spins is desired to reveal the mechanisms of spin-charge coupling.



Below   T CO  , the Fermi liquid behavior in   1 /  T 1  T   is absent until the superconducting state emerges. The non-Fermi liquid behavior is consistent with the semiconducting resistivity at the corresponding temperature range just above   T c  . Because   1 /  T 1  T   decreases below   T CO   following a power-law close to   T 2  , a clear anomaly associated with a superconducting transition was not observed at   T c  . The temperature dependence of quasi particle density of states is more clearly observed from the heat capacity measurement (Section 8) [45].



The NMR intensity is proportional to the number of    13  C nuclei on the molecular sites. In the charge-ordered state, if the number of R sites were equal to that of P sites (PR pattern), the NMR intensity of the narrow peak would be comparable to that of the broad peak. However, as shown in the inset of Figure 6a, the intensity ratio between the peaks was 0.4:1, which indicates that there are at least twice as many R sites as P sites in the charge-ordered state (PRR pattern) [48]. The crystal structure of the    β ″   -Ga/PhNO   2   salt consists of two crystallographically independent BEDT-TTF molecules, each of which forms a pair with another molecule connected by inversion symmetry. The simplest PR charge pattern can be attributed to the inversion symmetry breaking between a pair of BEDT-TTF molecules. The experimentally suggested PRR pattern addresses a more complicated charge pattern, possibly originating from the competition between the long and short range Coulomb interactions, which will be discussed later.



The large charge modulation was confirmed by the field angle dependence of NMR spectra at the lowest temperature [48]. The angle dependence of the NMR shift originates from the anisotropic dipolar Knight shift from  π  electrons and from the anisotropy of the chemical shift. The Knight (chemical) shift becomes maximum (minimum) when the external field is along the long axis of the  π  orbital, which is perpendicular to the BEDT-TTF molecular plane. To obtain the pure Knight shift contribution, the chemical shift contribution should be subtracted from the total NMR shift using a chemical shift tensor for BEDT-TTF molecules [49,50]. In Figure 7a, the Knight shift is plotted as a function of the angle between the field and the normal to the molecular plane. The amplitude of this angle dependence is proportional to the spin density in the  π  orbital. The contrasting behavior for the two independent sites confirms that the site charge is strongly modified from the formal value (  0.5 e  ). In particular, a very weak angle dependence for the P sites indicates that they possess a small site charge.



Now we discuss a possible charge pattern in the ordered state. The NMR intensity ratio between the R and P sites suggests a PRR structure. In the two-dimensional conducting plane, we can assume PRR stripe and honeycomb structures, as shown in Figure 7b,c. The possibility of interlayer charge ordering was excluded because of the large energy cost for a charge-rich plane. To get insight into the energetic stability of the structure, we calculated the average Coulomb potential (per site) between neighboring BEDT-TTF sites, by placing point charges on molecular sites,


  E  ( q )  =   e 2   2 π  ϵ 0     〈  r  − 1   〉   1 − Z  q 2   ,  



(1)




where    〈  r  − 1   〉  = 1 / 8 ∑  r i  − 1     is the average of the inverse intermolecular distance over eight neighboring BEDT-TTF sites, and   q e   is the charge deviation of the P site from   0.5 e   [48]. The coefficient Z, which depends on the charge pattern, is calculated to be 0.21 and 0.41 for the PRR stripe and honeycomb structures, respectively. The larger Z value for the honeycomb structure suggests that the honeycomb structure is energetically more stable, and is thus expected to be realized. In terms of the nearest-neighbor Coulomb potential, however, the conventional PR stripe structure with equal P and R sites should be the most stable charge pattern, whereas this possibility is excluded by our NMR data. It is thus clear that other interactions should be taken into account. From theoretical studies on other BEDT-TTF salts with  θ -type molecular packing, we learn that the PRR charge pattern can be stabilized in a wide parameter range in the static limit of the extended Hubbard model [51]. The exotic charge pattern appears in a  θ -type structure, because the in-plane structure is closer to the triangular than to the square lattice. Considering the in-plane structure of    β ″   -Ga/PhNO   2   salt to be a squeezed triangular lattice, the exotic charge pattern can be induced by the competition between the off-site and the on-site Coulomb interactions. As in    β ″   -Ga/PhNO   2   salt, the charge ordering transition occurs in a metallic state, the effect of the transfer integral should certainly be taken into account [52] to explain the charge pattern and understand the superconducting pairing mechanism inside the charge ordered state.




7. EPR Measurement to Detect SC/CO Coexistence


NMR spectroscopy is one of the most powerful techniques to investigate the electronic state from a microscopic viewpoint. However, because of an insufficient spectrum resolution [inset of Figure 6a], we were not able to exclude the possibility of phase segregation. As an alternative probe, the electron paramagnetic resonance (EPR) experiment was performed by our group [53].



The EPR signal in    β ″   -Ga/PhNO   2   salt originates from the  π  electrons in the highest occupied molecular orbital of the BEDT-TTF molecules. We succeeded in detecting the charge anomaly on the clearly resolved EPR spectrum by taking advantage of the anisotropy of g factors and the bilayer crystal structure of    β ″   -Ga/PhNO   2   salt. Thus, the EPR experiment allows us to observe the phase segregation, if any, as an additional component of the EPR spectrum. The present results, which are explained by a single EPR contribution at any temperature, clearly evidence a uniform coexistence between the superconducting and charge ordering states.



We measured the temperature dependence of the EPR spectrum in the field applied parallel to the b axis (b-axis field) and to the direction   45 ∘   rotated from the b axis (  45 ∘   field). In the   45 ∘   field,   T c   is suppressed below 3 K by a field of approximately 300 mT. At the lowest temperature in the   45 ∘   field, a two-peak EPR spectrum was observed, as shown in Figure 8b. With increasing temperature, the peak separation becomes small, and a single peak was observed at temperatures higher than 8.5 K. We found a trace of the two-peak structure at 8 K as the wiggle around the center of the spectrum at 344.4 mT. Therefore, the peak positions were determined by the two-peak Lorentzian fit for the spectra below 8 K [solid symbols in Figure 8c] and by the single-peak Lorentzian fit above 8.5 K [open symbols in Figure 8c]. The abrupt increase in the peak separation below 8 K clearly evidences a phase transition. This anomaly agrees with the charge ordering transition at    T CO  = 8.5   K determined from the ultrasonic [45] (Section 5) and    13  C-NMR measurements [47,48] (Section 6). The origin of the EPR peak splitting associated with charge ordering is discussed in Ref. [53].



As the charge ordering anomaly is successfully observed in the EPR spectrum, we compare the EPR spectra in the b-axis and   45 ∘   fields to unveil the relationship between the charge ordering and superconducting states. Typical EPR spectra for b-axis fields are presented in Figure 8a. In the b-axis field of 345 mT,   T c   does not change because of the extremely high upper critical field (   B  c 2   > 30   T). The effect of the superconducting transition was observed in the EPR spectrum as a reduction of the integrated intensity below 7 K [Figure 8d]. Such a decrease in intensity was not observed in the   45 ∘   field, because   T c   is suppressed below 3 K. This result confirms that the electronic spins that would show superconductivity in zero field contribute to the EPR intensity when superconductivity is suppressed by the   45 ∘   field. Thus, if the superconducting part of the sample did not show the charge ordering transition, which is the case for the macroscopic phase segregation, an additional EPR peak originating from the electrons in a normal metallic state should be observed at the center of the two-peak spectrum. However, such an extra contribution was not observed at the lowest temperature of 3.6 K, as shown at the bottom of Figure 8b. The clear two-peak spectrum in the   45 ∘   field allows us to conclude that the superconducting state coexists uniformly with the charge ordered state. We note that the EPR intensity decreases gradually below   T c   in the b-axis field, and finite intensity remains even at 3.6 K. This behavior contrasts with the conventional behavior expected for a homogeneous superconducting state, in which EPR signal should disappear. The EPR in the superconducting state may originate from the nearly localized electrons in the charge ordered state, for instance, the pin site in the pinball liquid state [54,55,56].




8. Gap Symmetry of the Charge-Fluctuation-Mediated Superconductivity


In the previous sections, we understand the properties of the charge ordering, and that superconductivity emerges from the charge ordered state. Proximity of these transition temperatures implies that superconductivity is mediated by the charge fluctuations; nevertheless, we need to know the exact nature of the superconducting state itself for the direct determination of the pairing mechanism of superconductivity. The superconducting gap function is one of the most important pieces of information for discussing the pairing mechanism. Heat capacity measurement, sensitive to low-energy excitations, is a powerful method that can scrutinize this through temperature, field, and field-angle dependence [57,58,59,60].



Figure 9a shows the low-temperature heat capacity in various fields measured by our group [45]. The zero-field data indicate that the finite intercept, which corresponds to the residual electronic heat capacity, exists. This means that the electronic state is inhomogeneous even at 0 T. Considering the cleanness of the electronic state confirmed by the SdH oscillation, the coexistence with the normal state should be an intrinsic characteristic, which is consistent with the results of the previous NMR [47,48] and EPR studies [53] discussed in Section 6 and Section 7. With increasing field, the electronic heat capacity is recovered because of the suppression of superconductivity. As this field-dependent contribution relates to superconductivity, we here plot the superconducting electronic heat capacity C   sc  , subtracting the lattice heat capacity and residual electronic component as a function of reduced temperature T/  T c   in Figure 9b. The low-temperature C   sc   exhibits neither T   2   nor T   3   dependence (dashed lines) observed in nodal superconductors, such as the  κ -type organic superconductors, but is well reproduced by the solid curve for the anisotropic full-gapped model using  Δ    0  [1 + Acos(4 ϕ )]    1 / 2   , where  Δ    0   = 2.5  k B    T c  [61] and A = 0.64 ( Δ    max  / Δ    min  ∼2.2). Magnetic-field dependence of   C p  [45] agrees with the full-gapped model because of the observation of H-linear behavior at low fields. Thus, the superconducting state of Ga/PhNO   2   should be fully gapped.



To deepen the understanding of the gap symmetry in more detail, in Figure 9c we present the in-plane field-angle dependence of heat capacity in a field of 0.5 T [45]. The angular dependence is simply described by the equation,   C p  /T = [  C 0   +   C 2  cos(2 ϕ ) +   C 4  cos(4 ϕ )]/T (solid curve). Taking account of the twofold rotational symmetry of the crystal structure [23], it is natural that the anisotropy of the Fermi velocity yields the twofold component   C 2  cos(2 ϕ ). As the crystal structure does not have the fourfold symmetry, the fourfold term   C 4  cos(4 ϕ ) should reflect the anisotropic part of the gap function. Hence, to shed light on the fourfold component, we present the temperature dependence of   C 4  /T in Figure 9d. The negative values mean that the minima of the fourfold term are located in the directions of the crystal axes. Such a fourfold periodic term is often observed in d-wave superconductivity according to the anisotropy of the gap function with four gap nodes. The correspondence between the angle-resolved heat capacity and the anisotropy of the gap function has been theoretically and experimentally verified [57,58,59]. Based on the zero-energy Doppler effect, the gap-node positions can be determined by the sign of   C 4  /T in a low-energy limit. However, in the present case, the fourfold component disappears at low temperatures. This disappearance is the feature of the anisotropic s-wave gap because the finite gap minima prohibit the quasiparticle excitations by the zero-energy Doppler effect [57]. This result also suggests that the present superconductivity is fully gapped, albeit anisotropically.



The full-gap superconductivity is distinct from the well-known dimer-Mott type organic superconductivity exhibiting d-wave symmetry with line nodes [60]. For the dimer-Mott system, the superconductivity is mediated by antiferromagnetic spin fluctuations, which originate from the strong on-site Coulomb repulsion U. Naturally, the on-site pairing is disadvantageous when utilizing U as an attractive force for the Cooper pairing, and the gap function must have nodes that render the sign of the gap function reverse. Similar to the dimer-Mott system, even for the quarter-filled system including the    β ″   -phase, d-wave symmetry is favored by spin fluctuations when U is sufficiently stronger than V [62]. However, with increasing V, the pairing around ( π , π ) in the momentum space is suppressed [62], and the on-site pairing interaction becomes more advantageous to reduce the Coulomb repulsion between the nearest neighbor sites and the second nearest neighbor sites. Note the emergent gap symmetry strongly depends on the lattice geometry [62,63,64]; however, the charge fluctuations should facilitate the on-site pairing. Although there is no specific theoretical prediction for Ga/PhNO   2  , the anisotropic s-wave gap function does not contradict the scenario that superconductivity in Ga/PhNO   2   arises from the charge fluctuations. To verify this picture, further detailed theoretical research is desirable in the future.




9. Summary


We have reviewed the experimental studies to explore the electronic properties of the organic superconductor with    β ″   -type molecular arrangement. Among various combinations between metallic ions M and guest molecules G, Ga/PhNO   2   was found to show a remarkable electronic state, in which high superconducting transition sets in at a temperature very close to the charge ordering transition (Section 2). At the charge ordering transition,    13  C-NMR experiments revealed that the local site charge at each BEDT-TTF molecule deviates from their average value of   0.5 e   (Section 6). Associated with this charge order, the Fermi surface is deformed, as evidenced from the magnetoresistance experiment (Section 4). This is the smoking gun evidence for the charge ordering on the metallic background, which can maintain high conductivity even with a partial carrier localization. It is noteworthy that the EPR measurement suggests a uniform electronic state, excluding a possibility of phase segregation between the charge ordered insulator and metallic parts of the sample (Section 7).



At the charge ordering temperature, softening of crystal lattice was observed from the ultrasonic experiment (Section 5).    13  C-NMR measurement also detected an increase in the low-energy fluctuations in the temperature dependence of   1 /  T 1  T   (Section 6). As the peak in the temperature dependence of ultrasonic attenuation and   1 /  T 1  T   appears at a temperature very close to the superconducting transition temperature, one would naturally speculate that the low-energy fluctuations introduced near the charge criticality assists the superconducting pairing interaction.



The superconducting state was investigated by heat capacity measurements (Section 8). The temperature dependence and field direction dependence of   C p   suggest an anisotropic s-wave superconducting state. This superconducting gap symmetry is preferable for the charge-fluctuation-induced superconductivity. However, to identify the novel superconducting mechanism in    β ″   -Ga/PhNO   2   and to uncover the effect of charge fluctuations on superconductivity, further studies from both theory and experiments are required.
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Figure 1. (a) Interlayer packing structure of    β ″   -(BEDT-TTF)   4    A M  (C   2  O   4  )   3  G. The red rhombi indicate tetramers of the BEDT-TTF molecules, and the blue dashed lines represent the counter anion layers. (b) Arrangement of the BEDT-TTF molecules in the    β ″   -type packing motif. In this 4:1    β ″   -phase, there are the two crystallographically independent BEDT-TTF molecules, A and B. The arrows signify transfer integrals between them along the diagonal (red), stacking (green), and horizontal (blue) directions. (c) Honeycomb cavity composed of the monovalent cation   A +   and tris(oxalato)metallate M(C   2  O   4  )   3      2 −    in the counter anion layer. The guest molecule G occupies this hexagonal vacancy. (d,e) Fermi surface (d) and band structure (e) of    β ″   -(BEDT-TTF)   4  [(H   3  O)Ga(C   2  O   4  )   3  ]PhNO   2   (Ga/PhNO   2  ) derived from the band calculation using the extended-H  u ¨  ckel tight-binding method [39,40,41]. 
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Figure 2. (a) Temperature dependence of the reduced electrical resistance R(T)/R(300 K) for some salts [41]. The inset is an expanded view below 20 K. The arrows indicate the superconducting transition temperatures   T c   determined by the onset of the drop of the resistance. (b) Schematic comparison of the b-axis length of some salts depending on the length of the guest molecule G. (c)   T c   vs. b of the reported M/G salts. The   T c   of each salt was determined from the resistivity data reported in Refs. [23,28,34,35,36,38,41,42,43]. This plot gives a large positive correlation coefficient R∼0.84. The bars indicate the onset and zero-resistivity temperatures. 
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Figure 3. (a) Magnetoresistance of some salts at 1.5 K [41]. Each dataset has an offset for clarity. The inset is an enlarged plot for Fe/PhCN to highlight the quantum oscillations. (b) Fourier spectra of the SdH oscillations shown in (a). The peaks marked with the circles originate from the electron Fermi pocket around the M point shown in the inset. (c,d) Ratio of the size of the electron Fermi pocket A   FS   and the Brillouin zone A   BZ   (c) and the effective mass (d) as a function of the b-axis length. These results were reported in Refs. [37,40,41,42,43,44]. 
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Figure 4. (a) Oscillatory component of the high-field magnetoresistance  Δ R   osc  /R [45]. The dotted curves are fits to the two-component LK formula. The dashed envelope is a visual guide for the amplitude of the oscillations. (b,c) Temperature variation in the frequency F (b) and the amplitude A (c) of one of the SdH signals. The dotted curve in (c) is a calculation obtained by the LK formula with   m *  /  m e   = 1.6. The inset displays the ratio of A of the data and the simulation when   m *  /  m e   = 1.6. 
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Figure 5. (a,b) Low-temperature elastic properties, (a) the relative change in the ultrasonic attenuation  Δ  α , and (b) the elastic constant  Δ C   L  /C   L  , as a function of temperature [45]. The red and blue curves are the data at 0 and 5 T, respectively. The arrow in (a) indicates the transition temperature of the charge ordered state   T CO  . The inset in (b) is the enlarged plot around   T c  . To emphasize the superconducting transition, a linear extrapolation estimated from the behavior of the normal state is shown as a dashed line in the inset. 






Figure 5. (a,b) Low-temperature elastic properties, (a) the relative change in the ultrasonic attenuation  Δ  α , and (b) the elastic constant  Δ C   L  /C   L  , as a function of temperature [45]. The red and blue curves are the data at 0 and 5 T, respectively. The arrow in (a) indicates the transition temperature of the charge ordered state   T CO  . The inset in (b) is the enlarged plot around   T c  . To emphasize the superconducting transition, a linear extrapolation estimated from the behavior of the normal state is shown as a dashed line in the inset.



[image: Crystals 12 00711 g005]







[image: Crystals 12 00711 g006 550] 





Figure 6. (a) Temperature dependence of the NMR shift at 15 T and 8 T [48]. The vertical axis is the peak shift from tetramethylsilane (TMS). The field-independent peak separation at the lowest temperature indicates the absence of any fixed internal field that could be associated with a magnetic transition. Inset shows    13  C-NMR spectra at various temperatures. The peak splitting starts below 8 K, and a clearly split two-peak structure was observed at 1.6 K. The ratio of the integrated area between the sharp (cyan) and broad (orange) peaks was evaluated as 0.4:1. (b) Temperature dependences of   1 /  T 1  T   measured at 3.6 and 7 T [47]. The peaks at   T CO   were found in both fields, suggesting unconventional electronic state affected by long-range electron-electron correlations. 
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Figure 7. (a) Field direction dependence of Knight shift [48]. The field direction is defined with respect to the molecular long axis. The large amplitude for R sites indicates rich charge filling to the BEDT-TTF  π  orbital. (b,c) Schematic images of charge patterns in the conducting plane. The yellow balls on BEDT-TTF molecules indicate charge-rich (R) sites. The vertical P-R-R pattern can be aligned horizontally to make stripes (b), or shifted by one site to form a honeycomb structure (c). 
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Figure 8. Temperature dependence of EPR spectra in b-axis field (a) and   45 ∘   field (b) [53]. No spectrum splitting was observed in b-axis field, whereas clear spectrum splitting was observed in   45 ∘   field below    T CO  = 8.5   K. The EPR intensity decreases in b-axis field below    T c  ≃ 7   K, but finite intensity was observed even at 4 K. (c) EPR peak position for   45 ∘   field determined by Lorentzian fit. (d) Temperature dependence of EPR intensity normalized at 12 K. 
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Figure 9. (a) Low-temperature heat capacity in various magnetic fields plotted as   C p  /T vs. T   2   [45]. (b) Electronic heat capacity related to the superconductivity C   sc   at 0 T. The dashed line represents T-squared relation, and the solid curve is a calculation for the anisotropic s-wave superconductivity using the gap function  Δ    0  [1 + Acos(4 ϕ )]    1 / 2   . (c) In-plane angle-resolved heat capacity in a field of 0.5 T rotated from the a axis (0   ∘  ) to the b axis (90   ∘  ). (d) Temperature dependence of the fourfold term C   4  /T. The inset is a schematic illustration of the anisotropic s-wave gap. 
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