

  Antiferromagnetic Insulating Ground State of  Molecular π-d System Λ-(BETS)2FeCl4   (BETS = Bis(ethylenedithio)tetraselenafulvalene):   A Theoretical and Experimental Review




Antiferromagnetic Insulating Ground State of Molecular π-d System Λ-(BETS)2FeCl4 (BETS = Bis(ethylenedithio)tetraselenafulvalene): A Theoretical and Experimental Review







Magnetochemistry 2017, 3(1), 10; doi:10.3390/magnetochemistry3010010




Review



Antiferromagnetic Insulating Ground State of Molecular π-d System λ-(BETS)2FeCl4 (BETS = Bis(ethylenedithio)tetraselenafulvalene): A Theoretical and Experimental Review



Yugo Oshima *, Heng-Bo Cui and Reizo Kato





Condensed Molecular Materials Laboratory, RIKEN, Hirosawa 2-1, Wako, Saitama 351-0198, Japan,









*



Correspondence: Tel.: +81-48-467-9410







Academic Editor: Manuel Almeida



Received: 23 January 2017 / Accepted: 22 February 2017 / Published: 24 February 2017



Abstract:



The π-d molecular conductor λ-(BETS)2FeCl4, where BETS is bis(ethylenedithio) tetraselenafulvalene, has attracted considerable interest for the discovery of its field induced superconducting state. A mystery of this system is its antiferromagnetic insulating ground state. The point still under strong debate is whether the d spins in Fe3+ are ordered or not. Here, we review experimental and theoretical studies on the antiferromagnetic insulating phase in λ-(BETS)2FeCl4 and mention our perspective based on our ESR measurements for λ-(BETS)2FexGa1−xCl4. Our ESR results indicate that the π-d interaction in the system is very strong and there is no sign of paramagnetic Fe spins in the antiferromagnetic ground state.
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1. Introduction


Molecular conductors with finite π-d interactions have attracted many interests for the past few decades since interaction between the itinerant π-electron and localized d-electron yields some intriguing physical phenomena. For instance, a characteristic magnetoresistance that is related to the spin state in Fe ions was reported for (DMET)2FeBr4 (DMET = 4′,5′-dimethyl-4,5-(ethylenedithio)-1′,3′-diselena-1,3-dithiafulvalene) [1], and giant negative magnetoresistance was observed in Fe phthalocyanine complexes [2]. Among others, λ-(BETS)2FeCl4, where BETS is bis(ethylenedithio)tetraselenafulvalene, is one of the most studied and well-known π-d molecular conductors for the appearance of superconductivity in a high magnetic field [3,4]. An excellent review about the field-induced superconducting state by Uji and Brooks can be found elsewhere [5].



In contrast to the superconducting state in a high magnetic field, this system also shows cooperative conducting and magnetic properties in the low-field region thanks to the strong interaction between π- and d-electrons, namely, π-d interaction. In the high temperature phase, λ-(BETS)2FeCl4 is a metal where the magnetic property shows the paramagnetic behavior. At TN = 8.3 K, λ-(BETS)2FeCl4 becomes antiferromagnetic and simultaneously shows a metal to insulator (MI) transition [6,7,8].



In contrast with the non-magnetic analog compound λ-(BETS)2GaCl4 which becomes superconducting below 6 K, the MI transition of λ-(BETS)2FeCl4 has been thought for a long time to be triggered by the long-range ordering of Fe spins [7,8]. On the other hand, some theoretical works claim that the Mott transition of the π-electrons is an origin of the MI transition, and then, the π-d coupling forces the Fe moments to be antiferromagnetically ordered [9,10]. However, Akiba et al. revealed a completely different role of the Fe spins based on the heat capacity measurement, where the Fe spins remain paramagnetic below TN [11]. This ‘chicken or egg’ problem of the antiferromagnetic insulating (AFI) phase (which orders first, the d-electrons or the π-electrons), coupled with the ground state of the Fe spins is still open question under strong debate.



We here review cornerstone measurements and theoretical studies for the AFI phase of λ-(BETS)2FeCl4, and present our ESR measurements on the mixed compounds λ-(BETS)2FexGa1−xCl4 (x = 0.2~1.0). The main point of studying the mixed compounds by ESR is to microscopically investigate the role of Fe spins in the ground state by gradually introducing the Fe spins in the system. Our results have revealed that the Fe spins play a decisive role in the magnetic ground state, where a gradual transition from the paramagnetic to antiferromagnetic ground state is observed by increasing the Fe content. In contrast to the heat capacity measurement, the ESR measurements for the salts with x ≥ 0.6 do not indicate any sign of paramagnetic Fe spins in the AFI phase. This suggests that more attention should be paid to a metastable state within the AFI phase to explain the previous experimental results.



This paper is organized as follows: the crystal structure and phase diagram are mentioned in the next section, and some of the previous experimental and theoretical results are described in Section 3, followed by the ESR results in Section 4. Conclusions and future prospects are presented in the final section.




2. Crystal Structure and Phase Diagram


Single crystals of λ-(BETS)2FeCl4 are prepared by electrochemical oxidation of BETS in organic solvent such as chlorobenzene containing 10% ethanol, with the tetraethylammonium salt of FeCl4− as a supporting electrolyte [6]. The mixed system λ-(BETS)2FexGa1−xCl4 is prepared from a mixed electrolyte of [(C2H5)4N][GaCl4] and [(C2H5)4N][FeCl4] with fine tuning of the mixing ratio. Needle-shaped single crystals are obtained, and the crystallographic c-axis corresponds to the needle axis.



The crystal structure is presented in Figure 1a. The crystal has a triclinic unit cell with space group P[image: there is no content]. The lattice constants at 10 K were determined as a = 15.880, b = 18.378, c = 6.529 Å, α = 98.66°, β = 95.830°, γ = 112.13° [6].


Figure 1. (a) Left: Crystal structure of λ-(BETS)2FeCl4. A and B denote two crystallographically independent BETS molecules, and the double headed arrows represent short Cl···S(Se) contacts. Right: Molecular arrangement of the BETS molecules and the anions in λ-(BETS)2FeCl4; (b) Top: T-B phase diagram of λ-(BETS)2FeCl4 extracted from Reference [8,12]. Bottom: T-x phase diagram of λ-(BETS)2FexGa1−xCl4 extracted from Reference [13]. Antiferromagnetic insulator (AFI) and superconductor (SC) phases are determined from the metal-insulator and superconducting transitions, respectively (red circles). PM = paramagnetic metal. A metastable state in the AFI phase (see Section 3.4 for detail) was claimed from high-frequency measurements (black circles) [12].
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Two BETS molecules and one FeCl4 anion are crystallographically independent. Each independent BETS molecule (A and B in Figure 1a) forms a dimer, and these BETS dimers are stacked two-dimensionally in the ac-plane, and consequently form conducting layers. The interplanar distance between the BETS molecules A···B is 3.683 Å, and those between A···A’, B···B’ are about 4.0 Å. The overlap integral is the strongest, [image: there is no content], between BETS molecules A···B, and the overlap integrals are [image: there is no content] and [image: there is no content] for A···A’ and B···B’, respectively. The tight-binding calculation based on the extended Hückel method yields a 2D closed Fermi surface with 23% of the Brillouin zone [6]. This estimation is in good agreement with the Shubnikov-de Haas oscillation measurement [14]. On the other hand, the fairly large dimerization of the BETS molecules leads to a splitting of the HOMO (highest occupied molecular orbital) band, and the electronic state can be interpreted as effectively half-filling of the upper HOMO band. In the case of half-filling with substantial on-site Coulomb interaction U, the π-electron system could turn into a Mott insulating state. Meanwhile, the FeCl4 anions, which are magnetic with a high-spin state (Fe3+, S = 5/2), are located between the BETS layers and form 1D chains along the c-axis. The shortest Fe···Fe distance is 6.593 Å at room temperature, and there are many short Cl···S(Se) contacts of about 3.43–3.67 Å (double headed arrows in Figure 1a). Therefore, strong π-d interactions are expected in λ-(BETS)2FeCl4.



The first transport and magnetic properties of λ-(BETS)2FeCl4 were reported by Kobayashi et al. and Tokumoto et al., respectively [6,7]. A complementary study was performed by Brossard et al. [8]. This compound is metallic in the high temperature phase, and the magnetic susceptibility, where the dominant magnetic contribution originating from the Fe3+ ion, shows the paramagnetic behavior. With lowering temperature, λ-(BETS)2FeCl4 shows a metal to insulator (MI) transition at TN = 8.3 K, while the magnetic susceptibility shows the antiferromagnetic (AF) behavior down to the lowest temperature. Furthermore, a paramagnetic metal (PM) state is recovered when all the magnetic moments are polarized in the magnetic field above Bc = 10.5 T. The phase diagram is presented in the top panel of Figure 1b. The field-induced superconducting state, which appears above 17 T when B is parallel to the conducting plane, is not shown in Figure 1b since it is beyond the scope of this paper. We refer to the review paper about the field-induced superconductivity in λ-(BETS)2FeCl4 for readers who might be interested [5].



As mentioned above, the non-magnetic and isostructural analog, λ-(BETS)2GaCl4, shows a superconducting transition at Tc = 6 K, whereas λ-(BETS)2FeCl4 becomes insulating at TN = 8.3 K. Therefore, the mixed compound, λ-(BETS)2FexGa1−xCl4, is an excellent system to study the effect of magnetic ion on the ground state with a minimum structural disorder effect since FeCl4− and GaCl4− have almost the same size. The bottom panel of Figure 1b shows the phase diagram for the mixed λ-(BETS)2FexGa1−xCl4 system. The Néel temperature TN decreases with the Fe content, and the AFI phase is not present in the region of x < 0.25. The superconducting transition temperature Tc in the small x region (i.e., x < 0.25) decreases slightly with increasing x. In the intermediate region (0.3 < x < 0.5), a complicated phase diagram accompanied by small changes of Tc and TN is observed [13,15].




3. Previous Experimental and Theoretical Studies


3.1. Transport and Magnetic Properties


Temperature dependent resistivity for λ-(BETS)2FeCl4 shows a small maximum around 100 K, and decreases with lowering temperature [6]. Such a maximum of the resistivity is common in other BETS salts. As mentioned in the previous section, the MI transition is found at 8.3 K at ambient pressure. The small maximum observed around 100 K shifts to higher temperatures with increasing pressure and is completely suppressed at 2 kbar. Moreover, the MI transition temperature decreases when increasing the pressure, and the metallic state is stabilized above 3.5 kbar [6].



The first magnetoresistance measurement using a pulsed magnetic field was reported by Goze et al. [16]. The authors found that the MI transition temperature is suppressed by applying a high magnetic field, and a metallic state is recovered above 10 T. They also found that the magnetoresistance strongly depends on the direction of the magnetic field above the critical field (Bc) [16]. Brossard et al. also reported that the magnetoresistance shows hysteresis at the MI transition, which becomes larger as the magnetic field increases [8]. Our transport and magnetotransport measurements are shown in Figure 2. As mentioned by Brossard et al., the hysteresis at the MI transition becomes larger as the field increases (Figure 2a) and as temperature increases (Figure 2b), namely, near the AFI phase boundary. Additionally, kink structures in the resistance below the MI transition are observed (shown as solid circles and squares in Figure 2a).


Figure 2. Resistance at zero-field and the magnetoresistance of λ-(BETS)2FeCl4. (a) resistance versus temperature; (b) resistance versus magnetic field. The current is applied along the c-axis, and the magnetic field perpendicular to the c-axis. Hysteresis and kink structures are observed below the MI transition temperature (solid circles and squares).
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The magnetic susceptibility χ follows the Curie-Weiss law in the PM phase, where the Weiss temperature is about −15 K and the Curie constant yields an effective magnetic moment of 5.83 µB [7,8]. This value is very close to that of the magnetic moment of Fe3+ in the high spin state (i.e., 5.92 µB for S = 5/2 and L = 0), suggesting the dominant magnetic contribution originates from the Fe3+ spins. The Weiss temperature of −15 K and S = 5/2 leads to the exchange coupling between the spins Fe3+ of Jd-d~2.3 K [8]. The magnetic susceptibility for the field B//c shows a step-like decrease at the MI transition temperature, 8.3 K, and then, shows the behavior typical of the AF ordering for the easy-axis with lowering temperature. The step-like decrease at the MI transition is suppressed in the magnetic field B > 2 T, and is less pronounced for B[image: there is no content]c. Notably, for λ-(BETS)2FeBr4 where a smaller π-d interaction is expected, the step-like structure disappears and the easy-axis behavior is observed for the field B[image: there is no content]c [17]. From the comparison of magnetic properties between λ-(BETS)2FeCl4 and λ-(BETS)2FeBr4, it is supposed that the peculiar magnetic behavior observed in λ-(BETS)2FeCl4 is due to the strong interplay between π- and d-electrons [8].



The field-dependence of magnetization (M-H curve) for the field B//c shows a step-like structure around 1 T accompanied by a linear increase at higher fields. This step-like structure was interpreted as a spin-flop transition since it was not observed for the field B[image: there is no content]c [7,8]. The linear increase of the magnetization above the spin-flop field is due to the canted antiferromagnetic state. More precise magnetic torque measurement preformed by Sasaki et al. indicated a clear spin-flop transition around 1.2 T, where the easy-axis was found to be in the direction tilted by about 30° from the c-axis to the b*-axis [18]. For low temperatures, the M-H curve shows another step structure accompanied with hysteresis around the critical field Bc [8,18]. A metamagnetic-like transition of the π-electrons between AFI and PM phases was proposed since the recovery of the metallic state occurs above Bc [18]. Finally, the magnetization saturates above 10.5 T.



The mixed compound λ-(BETS)2FexGa1−xCl4 shows similar transport property. A small maximum of resistivity is also observed around 100 K for all mixed systems, and resistivity decreases with lowering temperature. Then, superconducting or MI transition is observed depending on the Fe content x (see bottom panel of Figure 1b) [13]. No significant difference is found also in the Fermi surface (similar cylindrical Fermi surface and similar cross-sectional area is observed by the Shubnikov–de Haas oscillation measurement) except that the Fermi surface is split by the internal field due to the π-d interaction for x ≠ 0 [19]. The internal field seems to increase with the Fe content. The magnetic property of the mixed compound λ-(BETS)2FexGa1−xCl4 (x > 0.47) is also similar to the pure λ-(BETS)2FeCl4, where the magnetic susceptibility shows a step-like structure at the MI transition, and the spin-flop is observed for the field B//c [20]. Hence, the overall features suggest there is no serious effect of disorder both on the transport and magnetic properties in the mixed compound.



In summary, the high temperature phase of λ-(BETS)2FeCl4 is a paramagnetic metal. The MI transition occurs at 8.3 K, and the system becomes antiferromagnetic simultaneously. By applying the magnetic field along the easy-axis, the spin flop transition is observed around 1.2 T, and the system goes to a canted antiferromagnetic state. The magnetization saturates (i.e., spins are fully polarized) above 10.5 T, then the metallic state recovers. The magnetic ions are essential to the AFI ground state since the non-magnetic analog λ-(BETS)2GaCl4 is, in contrast, a superconductor. Therefore, in the early studies on λ-(BETS)2FeCl4, it was thought that the insulating state (i.e., localization) of the π-electrons is triggered by the antiferromagnetic long-range ordering of the d-electrons [8].




3.2. Specific Heat Measurements and the Paramagnetic Fe Model


The first specific heat measurement of λ-(BETS)2FeCl4 was reported by Negishi et al. [21]. The specific heat exhibits a sharp peak due to the antiferromagnetic long-range order at TN, and a remarkable jump of the specific heat, which they attributed to the ferroelectric transition, is observed at 70 K (TFM). The ferroelectric property of λ-(BETS)2FeCl4 will be mentioned later in Section 3.4. Additionally, a significant excess heat capacity below TN was reported. Negishi et al. attributed this excess specific heat to a short-range antiferromagnetic ordering since the entropy change of only 60% of R ln2 + R ln6 was observed at TN.



On the other hand, Akiba et al. proposed a completely different model to explain this excess specific heat [11]. They showed from their result that the excess specific heat observed below TN can be fit with the six-level Schottky peak of the paramagnetic Fe spins. They proposed that the sharp peak at TN is due to the antiferromagnetic ordering of the π-electrons (Mott transition), and the 3d spins, which remain paramagnetic, feel the internal field from the localized π-electrons through the π-d interaction. The authors concluded that an internal field of about 4 T is created from the localized π-electrons, and this internal field induces the six energy levels of d-electron leading to the Schottky-type anomaly. Hence, this model suggests that π and 3d spins do not cooperatively form an antiferromagnetic order, and the Fe spins remain paramagnetic.



Akiba et al. also claimed that a model with two canted Fe spins exposed to the internal field of 4 T along the easy-axis can reproduce the results of the susceptibility measurements [22]. The specific heat measurements of the mixed compound λ-(BETS)2FexGa1−xCl4 (x = 0.4~1.0) can also be fit with this model, where the internal field increases with the Fe content [23]. They proposed that the difference of TN by the Fe content is due to the fluctuation of the π-electron that is suppressed by the magnetic anisotropy introduced by the Fe spins [23]. The paramagnetic Fe model was further extended by introducing 2D Ising-like transition and double Schottky model, to explain the heat capacity behavior nearby TN and the field dependence, respectively [24,25].



Mössbauer measurement partially supports the paramagnetic Fe model [26]. Above TN, the Mössbauer spectra presents a single line typical of the paramagnetic Fe; and below TN, sextet splitting that is typical of long-range ordering is observed. However, the spectrum at 8 K still shows a small fraction of about 13% of paramagnetic atoms, which can be ascribed to the slow dynamics of the transition. Moreover, two additional magnetic splittings with identical isomer shift but slightly different hyperfine fields (i.e., two sextets) are observed in the temperature range between 3.2 and 8.0 K, which suggests two different magnetic environments for the Fe sites. In addition, a significant development of the hyperfine field by decreasing temperature is also observed. Although the change in the Mössbauer spectra below TN is indicative of a slow magnetic ordering process, these results cannot discriminate the paramagnetic model in the case of fast relaxation. Actually, the computed hyperfine fields assuming a fast relaxation model, where the Fe spins exhibit the Zeeman splitting by the internal field, are in good agreement with the specific heat measurements. The estimated internal field from the fitting is dependent on temperature, increasing from 2.45 T at 8 K to 4.2 T at 1.5 K [26].



Recent transport (including non-linear transport) and magnetic torque measurements by Sugiura et al. also support the paramagnetic model [27,28]. They observed a small dip of the magnetoresistance at 1.2 T for B nearly parallel to the easy axis, which can be ascribed to the spin-flop transition. The resistance dip at the spin-flop transition was explained, not with the scattering mechanism due to the antiparallel Fe, but from the electron-hole excitation model with up and down spins in the BETS layers [27]. Furthermore, Sugiura et al. investigated in detail the angular dependence of the magnetic torque that shows a sinusoidal dependence, and found the zero-crossing angle—the magnetic field direction where the magnetic torque becomes zero—significantly changes with field and temperature [28]. In comparison with the zero-crossing angle of the magnetic torque in the PM phase, and that of the non-magnetic GaCl4 salt, they concluded that the origin of the change in the zero-crossing angle is due to the antiferromagnetic order of the π-electrons [28].




3.3. Theoretical Studies


The first model to explain the AFI ground state of λ-(BETS)2FeCl4 was proposed by Ziman in Reference [8]. A Hubbard-Kondo model—where four conduction bands associated with the BETS layers, the Coulomb repulsion U on the BETS molecule, and a Kondo coupling between the localized S = 5/2 spins on Fe3+ and the conduction π-electrons were taken into account—was introduced. For small U, the periodic potential due to the magnetic ordering of Fe3+ opens energy gaps at the Fermi surface, then, by applying the magnetic field, the fully-polarized magnetic moments destroy the periodic potential, restoring the Fermi surface. Although this model qualitatively explains the AFI and PM ground states of λ-(BETS)2FeCl4, a Kondo coupling of J > 70 K is needed to suppress the entire Fermi surface and the on-site Coulomb U is empirically not small [8].



Another model of the AFI phase was introduced by Hotta and Fukuyama [9]. From a mean-field calculation including the Hubbard model and the π-d interaction, they categorized the BETS system into a unified phase diagram, and proposed that λ-(BETS)2FeCl4 and λ-(BETS)2GaCl4 are very close to the MI boundary of the Mott insulator, and its ground state is easily influenced by the π-d interaction. Moreover, the authors pointed out a lack of degeneracy in the energy dispersion of the two anti-bonding HOMO bands owing to the molecular arrangement and the fairly large dimerization of the BETS molecules in the λ-type system. This splitting makes it easier to form a gap between the two anti-bonding bands where the Fermi level is situated, which means only a small on-site Coulomb U is needed to be an insulator. Therefore, the MI transition at 8.3 K is proposed to be a Mott transition of the π-electrons, and long-range order of the Fe spins is induced through the π-d interaction [9]. Even though this model could also drive the system into the AFI ground state, it cannot explain why a strong magnetic field restores the metallic state. To resolve this problem, Cépas et al. proposed a more effective Hubbard-Kondo model with Zeeman energies [10]. The AFI phase of λ-(BETS)2FeCl4 is explained by the picture where the Kondo coupling drives the system into an insulating phase in order to gain some magnetic energy. The energy of a metallic state crosses that of the insulator as the field increases, leading to a first-order transition into a PM state.



These two scenarios of the MI transition lead to different physical pictures: spin-density-wave (SDW)-like insulator and Mott insulator. Therefore, Cépas et al. proposed that the measurement of the charge gap as a function of the field would distinguish the SDW or Mott insulator scenario [10].



Furthermore, Mori and Katsuhara estimated the exchange energies in λ-(BETS)2FeCl4 by means of the extended Hückel method [29]. The antiferromagnetic exchange interaction between π, π-d, and d electrons are estimated to be [image: there is no content] = 448 K, [image: there is no content] = 14.6 K, and [image: there is no content] = 0.64 K, respectively. The internal field created by the Fe spins [image: there is no content] is about 33 T in agreement with the experiment on the field-induced superconductivity [4]. Based on the mean-field calculation, the Néel temperature of TN = 6.22 K is also deduced from these exchange couplings, which also agrees with the experimental result [29].



The above theoretical works suppose that both π- and d-electrons are long-range ordered. In this sense, the paramagnetic Fe model of Akiba et al. is quite striking. However, Ito and Shimahara examined by mean field theory a uniaxially-coupled Heisenberg antiferromagnet model with two subsystems, where the two subsystems consist of strongly interacting small spins and weakly interacting large spins [30]. In the case of [image: there is no content], their model successfully reproduces the specific heat and the magnetic susceptibility measurements. Moreover, the magnetic anisotropy, which is essential to the easy-axis of the antiferromagnetic state, is found to originate from the π-d interaction and is described as approximately 26–27° from the c-axis which is in total agreement with the experimental result [30]. The same authors also studied the spin structure from a similar model, and discussed that a tilted canted antiferromagnetic state, where the canted spins are tilted from the magnetic field direction, can only appear in a narrow range of the magnetic field for λ-(BETS)2FeCl4 [31].




3.4. Other Experimental Studies


Anomalous dielectric response at TFM = 70 K was first reported by Matsui et al. [32]. As mentioned above, the specific heat also shows some anomaly at this temperature [21]. By means of cavity perturbation technique at 16.3 GHz, Matsui et al. found an anomaly in the cavity response with a large dielectric constant. They ascribed it to a transition to a ferroelectric state. Although the dc resistivity indicates a highly metallic state, the microwave loss is enhanced anomalously in the range of TN < T < TFM. It should be noted that this work was criticized on the basis that this anomaly is due to the analysis artifact, which was soon denied by the same authors [33,34]. Moreover, the dielectric constant along the c-axis shows a broad maximum around 30 K for 44.5 GHz, which the authors attributed to a relaxor ferroelectric behavior [35]. They proposed that dielectric domains or stripes with less metallic conduction emerge inhomogeneously in the π-electron system. The X-ray diffraction data support this interpretation since the width of (007) Bragg reflection becomes broader and the peak splits around TFM [36,37]. This structural anomaly was ascribed to an appearance of heterogeneous structure with dielectric relaxor domains of about 0.4 µm in size. Furthermore, unnatural values in the anisotropic atomic displacement parameters were found, although no significant evidence of a phase transition or structural changes at TFM was found. The charge density map obtained by Fourier synthesis shows a distorted electron density distribution in the BETS molecule [37].



Related to those experiments in the PM phase, I-V characteristic in the AFI state was investigated by Toyota et al. [38]. A drastic non-linear transport phenomenon, known as the negative resistance effect, was observed in the I-V curve, which indicates that some carrier decondensation occurs by applying electric field. They supposed that these dielectric states are intrinsic instabilities in the charge degree of freedom of the π-electronic system, which may be strongly influenced by applying electric field. Similar to this study, Rutel and co-workers measured the high-frequency cavity response of λ-(BETS)2FeCl4 by sweeping the field and temperature, and observed a huge change in the cavity response inside the AFI phase [12]. The transitions from a skin-depth regime to a depolarization regime, where a huge change of the cavity response is observed, are plotted in the top panel of Figure 1b. They explained that this behavior is due to the metastable state in the π-electronic system within the AFI phase. Negishi and co-workers obtained similar results by measuring the capacitance and conductance in the AFI phase [39]. A huge dielectric change by sweeping the field was observed inside the AFI phase, called ‘colossal magnetodielectricity’. The magnetic field where the divergence of the dielectric constant occurs is similar to the results on the depolarization regime by Rutel et al. (see Figure 1b) [12,39]. Such a sub-phase inside the AFI phase is confirmed from other studies [35,40].



Based on the above measurements, Negishi et al. proposed a charge ordering-induced polarization model [39]. Due to the exclusively large π-d super-exchange interaction between the π-orbitals at selective Se sites in BETS molecules labeled B (B’) in Figure 1a and 3d-orbital via Cl, the charge as well as the spin of the π-electrons are expected to be localized at these Se sites. Therefore, they expect a partial charge ordering occurs in BETS molecules A (A’) and B (B’), and such charge disproportionation yields a local polarization inside the BETS molecules. The antiferromagnetic order could be associated with the energy gain of magnetic ordering of the π- and d-electrons, which overcompensates the intersite Coulomb energy V in the BETS layer. This indicates that charge ordering is the primary origin of the AFI state. At low field and low temperature, the π-electrons are locked at the Se sites to keep [image: there is no content] as effectively as possible, then, these π-electrons are considered to be unlocked or melted by applying the magnetic field [39].



Endo et al. performed the first 1H-NMR measurement, where a single peak splits into three asymmetric peaks at TFM related to the charge disproportionation [41]. Due to local fields that are dependent on each proton site (16 independent sites) and dynamical fluctuation, the NMR line rapidly broadens and contains many different peaks below TN, which makes the analysis difficult. 1H-NMR spin-echo measurement at 9 T was performed by Wu et al. [42]. A large slow beat structure in the spin-echo decay is observed, which originates from a large inhomogeneous local field generated by the Fe3+ moments. They also observed a discontinuous drop in 1/T2 at 3.5 K (PM to AFI transition for 9 T), which is due to the change in the orientation of the Fe spins at the transition. Besides the 1H-NMR, the 77Se-NMR is performed by Hiraki and co-workers in the high-field PM phase and field-induced superconducting state [43]. However, it seems that neither 77Se- nor 13C-NMR study of the AFI state has been reported thus far. This suggests that NMR line might also be very broad even for 77Se or 13C due to the effects of many local fields and the disproportionation of the π-electrons nearby the phase boundary.



In summary, two types of insulating mechanisms were proposed for the AFI state of λ-(BETS)2FeCl4: the spin-driven insulating mechanism and the charge-driven insulating mechanism. In the former one, the Fe spins become magnetically ordered thanks to Kondo couplings, and the periodic potential of the magnetic ordering opens a gap at the Fermi surface (i.e., SDW-like insulator). This mechanism was supported in the early stage. The latter one claims that the π-electrons make the insulating state by the Mott transition or charge ordering, and then, the Fe spins become antiferromagnetic or remain paramagnetic. Recent studies seem to support the latter mechanism rather than the former one.





4. ESR Measurements


4.1. Previous ESR Studies


The first ESR measurements for λ-(BETS)2FeCl4 with polycrystalline and single crystal samples were reported by Kobayashi et al. and by Brossard et al., respectively [6,8]. Brossard et al. reported temperature dependence of the g-value and ESR linewidth for two magnetic field orientations (B//c and B//u, where u is an undefined axis). The authors explained that the u-axis could not be determined due to the small sample size, but we suppose that the u-axis is in fact the b*-axis which is perpendicular to the c-axis. At room temperature, large anisotropy was observed for both linewidth and g-factor. The ESR linewidth is about 18 mT, and the g-factor is around 2.05 for the field B//u. The linewidth becomes very broad (c.a. 70 mT), and the g-factor is around 2.22 for the field B//c [8].



In general, such an ESR signal with large anisotropy and broad linewidth can be attributed to the paramagnetic resonance from the Fe spins, whereas the π-electrons usually give a weak ESR signal with narrow linewidth around g~2. In fact, the ESR signal of λ-(BETS)2GaCl4 is g = 1.99~2.02 with the linewidth of about 10 mT at T = 20 K [44]. For λ-(BETS)2FeCl4, it should be noted that the ESR signal of the π-electron and the d-electron should merge to a single ESR line thanks to the strong π-d interaction known as the ‘exchange narrowing’. This is due to the fast exchange between π- and d-electrons where the local field is averaged out, and the spectra merge to a single line. However, the contribution of the Fe spins should be dominant in the PM state since the magnetic moment of Fe3+ is larger and the π-electrons are not localized.



Besides the ESR signal around g = 2.0~2.2, Brossard et al. observed an additional ESR signal around g~2.6, which clearly appears around 70 K [8]. Such a characteristic signal was also reported for the mixed compound λ-(BETS)2Fe0.6Ga0.4Cl4 by Kawamata et al., however, they did not observe the g~2.6 signal for the pure λ-(BETS)2FeCl4 [44]. In that paper, they separately observed the ESR signals from the π- and d-electrons for λ-(BETS)2Fe0.6Ga0.4Cl4. Oshima et al. reported a cooling dependence of the π-d interaction in the same compound. Two ESR signals originating from the π- and d-electrons were observed for a rapid cooling (100 K/min), but these signals are merged into a single ESR line due to the exchange narrowing for a slow cooling (1 K/min) [45]. Although the detailed mechanism remains an open question, the phase separation of the normal metallic and ferroelectric domains at TFM might be the origin of the additional signal around g~2.6 [44].



Below 10 K, the broadening of ESR linewidth accompanied with a shift of g-values, typical to the development of the antiferromagnetic correlation, was observed [8,44]. Below TN, the paramagnetic resonance near g~2 disappears, and the antiferromagnetic resonance (AFMR) appears. Brossard et al. observed a typical bubble-like structure of the spin-flop resonance in the angular dependence of the AFMR. The spin-flop resonance was detected around 1.2 T and inclined at 25° from the c-axis, which is in good agreement with the magnetic torque measurements and theory [8,18,30]. The easy-axis and the hard-axis modes of the AFMR were also reported by Suzuki et al. and by Rutel et al. [12,46]. Although a slight deviation from the conventional AFMR mode was observed, the system seems to have an antiferromagnetic state with biaxial anisotropy [12,46]. The slight deviation might be due to the misalignment from the easy- or the hard-axis.




4.2. ESR Results of λ-(BETS)2FexGa1−xCl4 (x = 0.2~1.0)


As mentioned in the previous section, many ESR studies have already been performed for the pure λ-(BETS)2FeCl4 using microwave and millimeter-wave [6,8,12,44,46]. Here in this paper, we present our millimeter-wave and submillimeter-wave ESR results for the mixed compound λ-(BETS)2FexGa1−xCl4 (x = 0.2, 0.4, 0.5, 0.6, 0.8) and the pure λ-(BETS)2FeCl4, respectively. The millimeter-wave ESR measurements were performed by using a conventional cavity perturbation technique. The combination of an 8 T superconducting magnet and a millimeter-wave vector network analyzer (MVNA-8-350-2 of AB millimetre, France) was used. The MVNA includes a tunable millimeter-wave source and detector that cover the frequency range from 30 to 110 GHz. The sample was set on the end-plate of the cavity so that the oscillatory magnetic field is applied to the sample. For the mixed compound, the ESR results on the PM and AFI ground states for the field B//a* (the hard-axis in the antiferromagnetic state) are shown. We chose the a*-axis since it usually gives the strongest ESR signal owing to the needle shape of the single crystal, and other orientations usually give poor signals when using the millimeter-wave cavity. Moreover, it is always difficult to correctly find the easy-axis of the sample, which is tilted at 30° from the c-axis to the b*-axis. For these reasons, we discuss the results for the field B//a*. For the submillimeter-wave ESR measurement, we used a simple transmission technique. The 25 T resistive magnet and the backward wave oscillator (BWO) light source were used with the transmission technique. The BWO can cover the frequency range from 200 to 700 GHz by using several vacuum tubes. The sample was placed in the Voigt configuration (i.e., the dc magnetic field is perpendicular to the propagation of the light). Therefore, the geometry of B//c is convenient for the needle-shaped single crystal.



Let us start from the x = 0.8 and x = 0.2 salts of the mixed compound λ-(BETS)2FexGa1−xCl4. Temperature dependences of ESR spectra for x = 0.8 and 0.2 are presented in Figure 3a,b, respectively. As shown in the bottom panel of Figure 1b, the MI transition temperature TN for x = 0.8 and the superconducting critical temperature Tc for x = 0.2 are about 7 K and 5 K, respectively. A single ESR line is observed for the spectrum in the high temperature region for x = 0.8 as shown with a black broken eye-guide line in Figure 3a. The g-value is around 2.05, which is consistent with the previous results [6,8,44]. The ESR intensity increases as temperature decreases down to 10 K, and neither g-value nor linewidth show significant change, which is a typical behavior of electron paramagnetic resonance (EPR). Although the EPR line does not shift significantly, a small shift to a higher field with decreasing temperature is observed. Such slight g-shift of the EPR line is also observed in λ-(BETS)2FeCl4, and is supposed to indicate the development of the spin correlation between π- and d-electrons. [8,44]. The EPR intensity starts to diminish below 10 K, and disappears around 4 K. In turn, an additional broad resonance is observed at lower magnetic field of the EPR line at TN = 7 K as shown with a red broken line in Figure 3a. The intensity of this additional resonance increases and shifts to lower magnetic field with decreasing temperature. In principle, the AFMR mode for the hard-axis appears at the lower field from the EPR line. Hence, the additional peak observed below TN = 7 K is attributed to the AFMR since the a*-axis is the hard-axis. The shift of the AFMR is due to the development of the internal field. The important point is that the EPR line does not significantly shift with temperature, and the AFMR appears at the lower field than the EPR line and shifts to the lower field as temperature decreases. The ESR behavior for x = 0.8 is similar to that observed for the pure λ-(BETS)2FeCl4 (i.e., x = 1.0) as mentioned in the previous section. In contrast, the x = 0.2 salt only shows a single EPR line, intensity of which grows as the temperature decreases. Although the EPR slightly shifts to the higher field with decreasing temperature below 40 K, there is no drastic change (no g-shift and no linewidth broadening) at Tc = 5 K. This suggests that the magnetic flux is well penetrated in the sample even in the superconducting state. The superconducting state might be inhomogeneous with the coexistence of the paramagnetic domain since the Fe3+ spins are randomly introduced to the sample. As mentioned above, the ESR signals of the π- and d-electrons are averaged and merged into a single line due to the exchange narrowing. For both x = 0.2 and 0.8 salts, a single EPR line was observed. This suggests that the microscopic π-d interaction is strong and does not change with the content of the Fe3+ ions. Moreover, one can see that the S/N ratio of EPR spectra is different between the x = 0.2 and 0.8 salts with almost the same sample size. For instance, the x = 0.2 salt shows weaker EPR signal at 40 K. Furthermore, the noise level of the transmission for the x = 0.2 salt is larger than that for the x = 0.8 salt, although each EPR intensity looks almost the same. These results suggest that the EPR signal is weaker for the x = 0.2 salt than for the x = 0.8 salt. This is just because the Fe3+ content is smaller for the x = 0.2 salt. In turn, it suggests that the EPR signal from the Fe3+ spins is dominant.


Figure 3. Temperature dependences of the ESR spectra of λ-(BETS)2FexGa1-xCl4 (a) for x = 0.8 and (b) for x = 0.2. The magnetic field is applied parallel to the a*-axis. The black and red broken lines are the eye-guide of the EPR and AFMR lines, respectively.
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Next, temperature dependences of the ESR spectra for the x = 0.4 and 0.5 salts are shown in Figure 4a,b, respectively. The MI transition occurs at about TN = 2.5 K for x = 0.4 and 4 K for x = 0.5, respectively. Both salts show the EPR down to the lowest temperature, and the AFMR, which appears at the lower field of the EPR line, starts to be observed at each TN. This suggests that the paramagnetic and antiferromagnetic states coexist. This coexistence is due to the random distribution of the Fe3+ spins in the anion layers. In the domain where the aggregation of the Fe3+ spins exist and the spin wave can propagate, the AFMR signal is observed. However, in the domain where the Fe3+ spins are isolated from each other, the EPR signal is observed. It means that the smaller the Fe content gets, the smaller the antiferromagnetic domain becomes. This picture can be justified from the observation of the smaller AFMR signal for the x = 0.4 salt in comparison with that for the x = 0.5 salt.


Figure 4. Temperature dependences of the ESR spectra of λ-(BETS)2FexGa1−xCl4 (a) for x = 0.4 and (b) for x = 0.5. The magnetic field is applied parallel to the a*-axis.
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For the x = 0.6 salt, where TN is around 5 K, the EPR is observed in the high temperature region, and the AFMR starts to be observed at TN (Figure 5). In contrast to the x = 0.8 salt, the difference of the resonance field between the EPR and AFMR is smaller for the x = 0.6 salt. This is associated with the gradual transition from EPR to AFMR in the x = 0.6 salt. Such a small difference of the resonance field might be due to the difference in the exchange field by the Fe content. It is clear that there is no EPR signal down to the lowest temperature (1.5 K) for the x = 0.6 and 0.8 salts, although there is a slow transition from the PM state to the AFI state (i.e., coexistence of the AFMR and EPR signals is observed around TN). No EPR signal was also observed below TN for the pure x = 1.0 salt [8,12,46]. The lack of EPR at the lowest temperature suggests that there is no sign of paramagnetic Fe as a ground state of the mixed compound with x ≥ 0.6. These observations contradict the ‘paramagnetic Fe model’ where the Fe3+ spins remain paramagnetic in the AFI state. Since the intensity of the EPR signal, which mainly comes from the Fe3+ spins, is almost the same with that of the AFMR signal, the dominant contribution of the AFMR originates from the Fe3+ spins. Namely, if there is a ‘paramagnetic Fe’, it should be noticed from the EPR. Therefore, the lack of EPR signal below TN suggests the Fe3+ spins in the λ-(BETS)2FexGa1−xCl4 (x ≥ 0.6) are antiferromagnetically ordered.


Figure 5. Temperature dependences of the ESR spectra of λ-(BETS)2FexGa1−xCl4 for the x = 0.6 salt. The magnetic field is applied parallel to the a*-axis. The broken line is the eye-guide of the EPR line’s resonance field at 40 K.
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Furthermore, a hump is observed around 1.5~1.6 T in the ESR spectra for the x = 0.8 salt (Figure 3a). This magnetic field position corresponds to g~2.9, which is similar to the peculiar ESR observed for the x = 0.6 and 1.0 salts (see the previous section) [8,44]. Kawamata et al. mentioned that such an ESR signal is due to the phase separation of the normal metallic and ferroelectric state. Although it depends on the frequency and the Fe content, similar hump structures are observed around 0.8 and 2.6 T for the x = 0.5 and 0.6 salts, respectively (Figure 4b and Figure 5). These humps are observed especially for the salts with higher Fe content (x ≥ 0.5). In contrast to the genuine ESR signal, whose transmission amplitude and phase of the millimeter-wave response change, the phase does not significantly change at the hump. Therefore, the hump is not actually an ESR signal, and is due to some high-frequency response of the sample, which might be related to the relaxor ferroelectric domain as mentioned in Section 3.4.



Let us finish this section by introducing our submillimeter-wave ESR measurements of the pure λ-(BETS)2FeCl4 in the high-field PM phase. As shown in Figure 6a, the submillimeter-wave transmission shows a huge change from 4 to 8 T, which is well below the Bc of the AFI phase. It is clear that this high-frequency response is not related to the MI transition. Although this change of the transmission is dependent on frequency and has some structures, it is similar to the observation of the depolarization regime reported by Rutel et al. [12]. With the higher magnetic field in the PM phase, where the transmission baseline becomes relatively flat, a single ESR signal is observed (arrows in Figure 6a and inset). This ESR corresponds to the EPR of the high-field PM phase. In the paramagnetic Fe model, it is expected that an internal field of about 4 T induces the splitting of the six energy levels of S = 5/2 [11]. The Zeeman splitting of 4 T corresponds to the energy gap of about 112 GHz (for g = 2). Therefore, ESR transitions with a gap of about 112 GHz at zero-field should be observed (shown as a broken line in Figure 6b). The observed ESR transition does not have a gap of 112 GHz.


Figure 6. (a) Frequency dependences of the ESR spectra of λ-(BETS)2FeCl4 using submillimeter-wave at 2 K. The inset is the zoomed spectra around the EPR line; (b) The frequency-resonance field plots at 2 K. The magnetic field is applied parallel to the c-axis. The circles and triangles represent the EPR signal at the high-field PM phase and the AFMR signal in the AFI phase, respectively. The purple curve is the typical AFMR mode for the easy-axis, and the orange broken line is the expected ESR line for the paramagnetic Fe model (with a gap of 112 GHz~4 T at zero-field).
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5. Conclusions and Future Prospects


We have revisited the previous studies on the AFI phase of λ-(BETS)2FeCl4, which is still under strong debate, and have presented our high-frequency ESR measurements for λ-(BETS)2FexGa1−xCl4 (x = 0.2~1.0). The x = 0.2 salt shows a EPR signal down to the lowest temperature since the Fe spins are isolated each other and the spin wave cannot propagate due to the low content of magnetic ions. This suggests that the ground state of the x = 0.2 salt is a ‘paramagnetic’ superconductor. Both EPR and AFMR were observed for the x = 0.4 and 0.5 salts, and only AFMR was observed for the x = 0.6 and 0.8 salts at the lowest temperature. Note that the x = 1.0 salt also shows only AFMR below TN [8,12,46]. These results suggest that the 3D magnetic network starts to be formed in the system by the increase of the Fe content. The paramagnetic and antiferromagnetic domains coexist around x = 0.4~0.5, and finally, the system becomes totally antiferromagnetic in the x ≥ 0.6 region. It is clear that the Fe spins play an important role in the magnetic ground state.



To explain the excess specific heat below TN, Akiba et al. proposed that the π-electrons create an internal field of 4 T, which induces the degenarated six energy levels of Fe3+ (S = 5/2). Although such a gap should be detected by ESR, we could not observe the corresponding resonance in our submillimeter-wave measurements (estimated observation line shown in Figure 6b). Moreover, no EPR signal was found at the lowest temperature (1.5 K) in the x ≥ 0.6 region. Therefore, the paramagnetic Fe model needs reconsideration [11].



We point out that the huge change of the high-frequency response within the AFI phase, the colossal magnetodielectricity, and nonlinear transport should be considered more seriously [12,38,39]. As shown in Figure 2a, we observed kink structures in the resistance below TN (MI transition). Below the MI transition, the resistance gradually increases with decreasing temperature. The same kind of behavior was also observed by Toyota et al. and Sugiura et al. [27,38]. These results suggest that the π-electrons are not fully localized below the MI transition. We think such metastable nature of the π-electrons within the AFI phase is an origin of the high frequency response. In turn, such gradual localization of the π-electrons will affect the magnetic state of the Fe3+ spins through the π-d interaction, which explains the gradual transition from PM to AFI observed in ESR, and the gradual increase of the internal field in the Mössbauer measurement. The excess specific heat also could be due to such a metastable state of the π-electrons, which affects the magnetic state of the Fe3+ spins. The origin of this gradual localization of π-electrons needs further investigation and theoretical support.



The ‘chicken or egg problem’ of the AFI phase, whether the insulating mechanism is spin-driven or charge-driven, remains an open question. It is probably worth noting that the λ-(BETS)2GaCl4, which is an isostructural analog without the 3d spins, does not have the AFI ground state. Furthermore, the intermediate region (0.3 < x < 0.5) of the mixed compound shows a superconducting state, then, becomes insulating at the lowest temperature in association with the long-range order (see Figure 1b at the bottom). This suggests that the 3d spins play an important role for the MI transition, and the superconducting state is destroyed by the internal field of the antiferromagnetic long-range order. Our ESR results revealed that the π-d magnetic network is essential for the long-range order. If the Fe content is too small to form a magnetic network, the magnetic ground state is just paramagnetic, and the superconducting state remains at the lowest temperature. Therefore, the long-range order of the Fe spins seems to be essential for the MI transition, which favors the SDW-like transition scenario. As for the Mott transition scenario, theoretical studies suggest that the π-d interaction facilitates the Mott transition, which explains the different ground state between λ-(BETS)2GaCl4 and λ-(BETS)2FeCl4 [9,10]. Akiba et al. also proposed that the change of TN by the Fe content is due to the magnetic anisotropy of Fe which suppresses the fluctuation of the π system through the π-d interaction [23]. Therefore, both scenarios are not decisive, and this issue remains to be solved. The charge ordering-induced polarization model also remains a strong candidate [39]. As proposed by Cépas et al., the measurement of the charge gap as a function of the field would distinguish between the SDW and Mott insulator scenarios [10]. Microscopic measurements such as NMR, ESR, and µSR should be suitable for solving this problem. At present, it is still difficult to conclude from just the temperature dependence of the ESR spectra in the low-field region. Although it is still preliminary, we have recently found that the single AFMR mode for the hard-axis splits at the high magnetic field. We suppose it is due to the delocalization of the π-electrons by the magnetic field. Hence, multi-frequency ESR (i.e., magnetic field dependence) measurements, which cover the whole AFI phase, are highly desirable to resolve this problem.
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