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Abstract:

 The relationship between the conducting behavior and the degree of charge fluctuation in the β″-type BEDT-TTF salts is reviewed from the standpoints of vibrational spectroscopy and crystal structure. A group of β″-type ET salts demonstrates the best model compounds for achieving the above relationship because the two-dimensional structure is simple and great diversity in conducting behavior is realized under ambient pressure. After describing the requirement for the model compound, the methodology for analyzing the results of the vibrational spectra is presented. Vibrational spectroscopy provides the time-averaged molecular charge, the charge distribution in the two-dimensional layer, and the inter-molecular interactions, etc. The experimental results applied to 2/3-filled and 3/4-filled β″-type ET salts are reported. These experimental results suggest that the conducting property, the difference in the time-averaged molecular charges between the ionic and neutral-like sites, the alternation in the inter-molecular distances and the energy levels in the charge distributions are relevant to one another. The difference in the time-averaged molecular charges, ∆ρ, is a useful criterion for indicating conducting behavior. All superconductors presented in this review are characterized as small but finite ∆ρ.
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1. Introduction

In this review, the relationship between the conducting behavior and the degree of charge fluctuation in molecular conductors is discussed. Among the molecular superconductors, the κ-type BEDT-TTF [BEDT-TTF=bis(ethylenedithio)tetrathiafulvalene (hereafter referred to as “ET”)] salts have been studied for a quarter of a century. The crystal structures and physical properties of many κ-type ET salts are described in Reference [1]. Because the insulating state neighbored with the superconducting phase is the anti-ferromagnetic phase, the insulator-superconducting transition has been investigated from the viewpoint of the analogy with high-Tc superconductors. On the other hand, it is widely accepted that the insulator phase neighbored with the superconducting phase is not necessarily the anti-ferromagnetic phase. One of the representative materials is a group of the β"-type ET salts. The crystal structures and physical properties of many β"-type ET salts are described in [2]. This material group belongs to 2D molecular conductors and the crystal structure is shown in Figure 1. The magnetic susceptibility in the insulator state of β"-(ET)3Cl2·2H2O, β-(ET)2ReO4 and β"-(ET)Pt(CN)4·H2O exhibits non-magnetic behavior rather than anti-ferromagnetic behavior [3,4,5]. In contrast to the anti-ferromagnetic state, it is not easy to examine the electronic states in the non-magnetic state or adjacently the non-magnetic state by using magnetic techniques. Although diffraction technique is useful for the estimation of the molecular charge in the localized state, this technique is not always suitable for observation of the dynamical electron near the superconducting phase. Owing to the lack of experimental technique, few experimental studies have been carried out on the electronic state adjacent to the superconducting phase of the β-type and β"-type ET salts although the first report on superconducting transition was carried out ~30 years ago [6]. A turning point is the report of theoretical study on the pairing mechanism due to the charge fluctuation in some organic superconductors [7]. After that, the roles of charge fluctuation in organic superconductors were investigated by several theoretical groups. Nevertheless, the superconducting transition of the β"-type ET salts has been briefly touched in only a few reports [8,9]. To our best knowledge, there is no theoretical study when assuming the 2D layer of the β"-type ET salts. A number of theoretical studies have been directed to θ-type molecular conductors [10,11,12,13,14,15]. Note that there is no ambient pressure superconductor in the θ-type and α-type salts and the number of pressure-induced superconductors is very limited. Under the circumstances, it is difficult to observe the dynamics of charges around the superconducting phase, which inhibits us in comparing experimental results and theoretical results. With respect to the β"-type ET salts, on the other hand, several ambient pressure superconductors are available. For these reasons, it is necessary to establish a methodology for direct observation of the charge fluctuation near the superconducting phase. The author believes that the obtained experimental results for the β"-type ET salts will contribute in constructing new theoretical models in the field of condensed molecular materials.

Figure 1. (top) ET molecule. (middle) and (bottom) Representative and schematic views of the crystal structure of the β″-type ET salt viewed from different angles. (middle) Side view of the conducting (=2D) layer and an anion layer. (bottom) Schematic view of the 2D layer.
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Vibrational spectroscopy is the one of the best methods of capturing the dynamics of the electron around the superconducting state. For this purpose, a methodology for analyzing both charge localization and charge fluctuation has been developed from the standpoint of vibrational spectroscopy [16]. This methodology has been applied to a group of β"-type ET salts [17,18,19]. On the basis of the experimental results, the relationship between the conducting property and the degree of charge fluctuation has been established. The degree of charge fluctuation is experimentally observable as the difference in the time-averaged molecular charges between ionic and neutral-like molecules. The obtained relationship is explained from the energy level of the charge distributions in the low-dimensional structure. The energy level of the charge distributions is deduced from the inter-molecular distances, that is, the nearest neighbor Coulomb repulsion as well as the transfer integral. To the author’s best knowledge, this relationship is applicable to all β"-type ET salts whose degree of charge fluctuation has been confirmed by vibrational spectroscopy. This review is organized as follows. In Section 2, the requirement of model compounds suitable for studying charge fluctuation around the superconducting phase is discussed. Among many molecular conductors, the β"-type ET salts satisfy the requirements described in Section 2. The properties of three kinds of vibrational modes will be introduced in the first half of Section 3. In the last half of this section, the method for observing three vibrational modes is described. The author believes that the information described in Section 3 is useful for the researchers who are planning to study the vibrational spectra of molecular solids. This experimental method was applied to insulator, superconductor and metallic materials. These experimental results are presented in Section 4. In this section, the energy level of the charge distribution will be reviewed. In Section 5, we show the schematic phase diagram where the experimental results described in Section 4 are summarized. In this phase diagram, the relationship between the conducting property and degree of charge fluctuation can be observed. In the last part of this review, the author gives brief comments on the experimental results for the β"-type ET salts, reported by other groups. The author believes that the discussions in Section 2, Section 4 and Section 5 can contribute to the progress of investigations for the charge ordered state and superconductivity.





2. Requirements for the Model Compounds

It is important to select the model compounds suitable for studying the relationship between conducting behavior and the degree of charge fluctuation. In general, molecular conductors consist of partially (or fully) oxidized molecules and fully (partially) reduced molecules. The chemical composition is expressed as DnAm where D (A) denotes donor (acceptor) molecule and n and m are integers. Either D or A, or both, are the organic molecules. The ET molecule can form numerous crystalline materials with many kinds of anions. The crystals synthesized in one batch do not always show the same crystal structure even though the chemical compositions are the same. The crystal growth in the ET-containing salts often shows a packing polymorphism. The different polymorphisms are designated with the Greek letters: α, α', β, β', β", δ, θ, κ, κ', etc. Even in the same packing motif, there is a variety in the conducting property; semiconducting, superconducting and metallic behaviors. This variety is mainly attributed to the fact that the inter-molecular interaction, that is, the inter-molecular distance depends on the size of the counter anion. The methodology for changing the conducting property by changing the size of the counter anion is often called chemical pressure. It should be noted that the neither a piston cylinder nor an anvil cell is needed for inducing chemical pressure. It is obvious that estimation of the change in inter-molecular distance under ambient pressure is more accurate than estimation under physical pressure. If phase transition involving a structural change is observed under physical pressure, it is necessary to conduct an additional experiment, that is, structural analysis. However, structural analysis can not always be applied to molecular conductors under hydrostatic pressure. Therefore, study on the inter-molecular distance by using chemical pressure is superior to that based on physical pressure. In order to discuss the inter-molecular distance from the standpoint of chemical pressure, it is necessary to compare the results of the numerical compounds whose inter-molecular distance are different from one another. There are many β"-type ET salts whose inter-molecular distances are slightly different from one another [2]. From the viewpoint of chemical pressure, a β"-type ET salt is one of the best model compounds.

Let us now introduce the requirements of the model compound. The requirements are summarized as follows. (a) The mechanisms of the charge ordered state and charge fluctuation are understood from the viewpoint of the inter-molecular distance. (b) The electronic resistivity exhibits diversity without physical pressure. Among the available molecular conductors, a group of the β"-type ET salts satisfies the above requirements. The detailed requirements concerning (a) and (b) are described below.

(a) First, the requirements for the crystal structure are described in (a1) to (a3).

(a1) The molecular arrangement in the 2D layer is simple. As shown in Figure 1, there are three kinds of overlapping modes: molecular overlap along the stacking, transverse and diagonal directions. The nearest neighbor Coulomb integral, V, is the largest along the stacking direction. On the other hand, the transfer integral, t, is the smallest along the stacking direction whereas t is the largest along the transverse direction. For the quasi-1D molecular conductors, on the other hand, the direction of largest V is the same as that of largest t. Owing to such a condition, the distribution of site charges required from V is not always consistent with that from the bond alternation. Such competition can be avoided using the β"-type ET salts or [Pd(dmit)2]2 salts [2,17,18,19,20]. As for the β"-type ET salts, the direction of largest V is perpendicular to that of the largest t. With the assumption that the charge distribution in the charge ordered state (CO) depends on V, the distribution should be correlated with the inter-molecular distance along the stacking direction. Because of the perpendicular relationships mentioned above, V along the stacking direction and t along the transverse direction are treated independently in the CO state. Indeed, this assumption is confirmed from some experiments of the β"-type ET salts [17,18], which will be described in Section 3. Therefore, the molecular arrangement in the 2D layer of the β"-type ET salts is simple from the standpoint of the electronic structure. In contrast to the β"-type ET salts, the directions of largest V in the α, β and θ-type ET salts are not perpendicular to those of the largest t. In such cases, V and t are not always independent of one another, and the bond order should be taken into consideration.

As for [Pd(dmit)2]2 salts, the direction of the largest V is identical to that of the largest t. Nevertheless, the competition between V and bond alternation in the charge distribution is avoidable because of HOMO-LUMO inversion [20]. HOMO-LUMO inversion is induced by the fact that two [Pd(dmit)2] molecules form a very tight dimer [21,22]. Owing to the inversion of the energy levels of molecular orbitals, the charge distribution required from V can cooperate with the bond order required from t [20,21,22,23]. This mechanism is significantly different from the TTF-based molecular conductors and quinone-based molecular conductors. To the author’s best knowledge, however, there are only three kinds of [Pd(dmit)2]2 salts which exhibit the charge ordered (CO) transition [20,21,22,23,24]. On the other hand, a number of the β"-type ET salts exhibit CO transition. Furthermore, there are no ambient pressure superconductors in the [Pd(dmit)2]2 salts. Therefore, a β"-type ET salt is one of the best model compounds for studying the role of V in charge distribution.

(a2) β"-type ET salts have a variety in the repeat unit in the 2D layer, particularly in the inter-molecular distance along the stacking direction [2]. In most of the β"-type ET salts, the columnar structure is not uniform. Figure 2 shows the definition of the inter-molecular distance and the size of the repeat unit. The size is expressed as the ratio between ET molecules and holes in the repeat unit, M:H. Note that “M:H” is not always identical to the chemical composition, “n:m”. For example, M:H of β″-(ET)3Cl2·2H2O corresponds to 6:4 rather than 3:2. Let us consider the inter-molecular distances. As shown in Figure 2 there are two kinds of overlapping modes, whose distances are ~5 Å and ~4 Å. These inter-molecular distances are denoted as “L” and “s” (L >> s), respectively. The configuration of the inter-molecular distance of β"-(ET)2AuBr2, which belongs to M:H = 2:1, is expressed as [sLsL…]. As for e M:H = 4:2, the other kind of the inter-molecular distance “L'” and/or “s'” is allowed. However, there is no remarkable difference in the inter-molecular overlapping modes between “L” and “L'”, nor between “s” and, “s'”. The inter-molecular distances of “L' ” and “s' ” are slightly larger than those of “L” and “s”, respectively (L' > L >> s' > s). Comparing with 2:1-salts, 4:2-salts have variety in the configurations; [sLL'L], [sLsL'], [ss'sL] etc. To our best knowledge, M:H of the β"-type ET salts can take 1:0.5, 2:1, 3:2, 4:2 and 6:4.

Figure 2. Definition of the inter-molecular distance and a variety in the repeat unit. The number of the ET molecules in the repeat unit corresponds to M = 2, 3, 4 and 6.
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As far as a double occupancy at the same molecule is forbidden, the number of charge distributions is expressed as MCH. When M:H = 4:2, for example, the number of the charge distribution is 6 [25,26]. When the nearest neighbor Coulomb repulsion, V, is taken into consideration, the energy levels of all charge distributions are not necessarily identical to one another. The energy levels are obtained from the configuration of the inter-molecular distances; [sLL'L], [sLsL'], [ss'sL] etc. The most stable charge distribution, assumed from the configuration of the inter-molecular distance, must be the charge distribution in the CO state. The comparison between assumed and actual distributions can be conducted from the experiment: vibrational spectroscopy, x-ray analysis, etc. In the charge fluctuated state, charge distribution is defined as the time-averaged charge distribution, which is composed of the most, secondary, tertiary, stable distributions etc. Because the life-time of the stable distribution is larger than that of the unstable distribution, the most stable distribution plays a large part in the time-averaged distribution. Assuming that the time-averaged distribution can be expressed as the linear combination between all possible distributions, the weighting coefficient is large for the stable distributions whereas the coefficient is small for the unstable distributions. The time-averaged distribution can also be examined by using vibrational spectroscopy. Since the β"-type ET salts show a variety in the configuration in the inter-molecular distance, a detailed analysis in the energy levels of the charge distributions can be conducted. Therefore, detailed relationships between the degree of charge fluctuation and the inter-molecular distances can be obtained.



(a3) It is easy to conduct factor group analysis in the IR and Raman spectra of the β"-type ET salts. A molecular vibrational mode is often observed as a multiple peak in the molecular crystal. The number of the vibrational modes in a molecular crystal depends on the number of molecules in the repeat unit. These crystal modes obey factor group theory. The only symmetry operation applicable to the 2D layer in most of the β"-type ET salts is an inversion operation. In the insulator phases of some β"-type ET salts, even the center of the inversion symmetry is lost. In contrast to the β"-type ET salts, the other symmetry operation is applicable to the 2D-layers of the θ-type ET salts [27]. Owing to the additional symmetric operation, the polarization dependence of the crystal modes is more complicated. In order to analyze the crystal modes in the θ-type ET salts, observation of detailed polarized IR and Raman spectra is required [27]. Concerning the β"-type ET salts, on the other hand, it is not necessary to analyze the detailed polarization dependence in the Raman spectra. In principle, the essential and yet sufficient condition for analyzing the crystal symmetry is to examine the mutual exclusion rule in the IR and Raman spectra. If the center of the inversion symmetry is lost, all crystal modes should be observed in IR spectra. However, the crystal mode in the IR spectra exhibits more or less polarization dependence because both molecular structure and crystal structure are anisotropic. In order to observe all crystal modes, it is recommended to examine the polarization dependence in the IR spectra as well as to examine the mutual exclusion rule. Nevertheless, the measurement time is significantly short and the factor group analysis is simple when compared with the θ-type ET salts. The details of the experimental method are described in Section 3.4.

(b) The other requirement for the model compound is diversity in conducting behavior. The β"-type ET salts fulfills this requirement. In the following, the conducting behavior is summarized in (b1) to (b5) and Table 1.


Table 1. List of the β″-type ET salts discussed in the present review. The results of temperature dependence of the electrical resistivity are shown in the second column. “M:H” denotes the ratio between molecules and holes in the repeat unit in the 2D layer. The right column denotes the references where the crystal structures or electrical resistivity are reported.



	
2/3-Filled

	
Group

	
Resistivity

	
M:H

	
Reference




	
(ET)3(ClO4)2

	
(b4)

	
TMI ~ 170 K

	
3:2

	
[41]




	
(ET)3(HSO4)2

	
(b4)

	
TMI = 127 K

	
3:2

	
[42]




	
(ET)3(ReO4)2

	
(b4)

	
TMI = 80 K

	
3:2

	
[43,44]




	
(ET)3Cl2·2H2O

	
(b5)

	
TMI = 170~100 K, 

	
6:4 a

	
[39,40,45]




	
TSC = 2-6 K (1.6-1.2 kbar)




	
3/4-Filled

	
Group

	
Resistivity

	
M:H

	
Reference




	
(ET)4Ni(CN)4·H2O

	
(b4)

	
TMI ~100 K

	
4:2

	
[38]




	
(ET)4Pd(CN)4·H2O

	
(b3)

	
TMI ~ 100 K, 

	
4:2

	
[5]




	
TSC = 1.2 K (7 kbar)




	
(ET)4Pt(CN)4·H2O

	
(b3)

	
TMI ~ 100 K, TSC = 2 K (6.5 kbar)

	
4:2

	
[38]




	
(ET)4[(H3O)Ga(C2O4)3]PhNO2

	
(b2)

	
TMI ~ 100 K, TSC = 7.5 K

	
4:2 b

	
[35]




	
(ET)4[(H3O)Ga(C2O4)3]Pyridine

	
(b1)

	
Metal

	
4:2 b

	
[35]




	
(ET)4[(H3O)Ga(C2O4)3]CH2Cl2

	
(b1)

	
Metal

	
4:2 b

	
[46]




	
(ET)2Cl(C2I2)

	
(b1)

	
Metal

	
2:1

	
[33]




	
(ET)2Br(C2I2)

	
(b1)

	
Metal

	
2:1

	
[33]




	
(ET)2AuBr2

	
(b1)

	
Metal

	
2:1

	
[47]






aM:H is different from the chemical composition, m:n = 3:2. b M (H) is different from the formal number of the molecules (holes) in the crystallographic repeat unit in the 2D layer. The formal numbers are defined as 8 and 4, respectively. 




(b1) β"-(ET)2AuBr2, β"-(ET)4[Ga(ox)3H3O]pyridine, β"-(ET)(TCNQ) are inherently metals because magnetic quantum oscillation is observed [28,29,30,31,32]. β"-(ET)2Cl(C2I2) and β"-(ET)2Br(C2I2) are thought to be metals because the electrical resistivities exhibit metallic behavior down to liquid helium temperature [33].

(b2) The electrical resistivity of β"-(ET)2SF5CH2CF2SO3 and β"-(ET)4[Ga(ox)3H3O]PhNO2 exhibits superconducting (SC) transition under ambient pressure [34,35]. The former exhibits the metal-SC transition and the latter shows the insulator-SC transition. Other ambient pressure superconductors have also also reported [36,37]. The conducting properties of β"-(ET)2SF5CH2CF2SO3 are not listed in Table 1 because the detailed the experimental results are not described in this review.

(b3) The electrical resistivity exhibits bad metallic behavior just below room temperature and shows insulating behavior at low temperature. In this review, bad metallic behavior is defined as the conducting state where the electrical resistivity does not depend on the temperature. In order to induce a superconducting transition, hydrostatic pressure is needed but a high pressure is not required. β"-(ET)4Pt(CN)4·H2O and β"-(ET)4Pd(CN)4·H2O belong to this group [5,38].

(b4) The electrical resistivity exhibits bad metallic behavior around room temperature but shows exponential increase at low temperature. A number of β"-type ET salts belong to this group.

(b5) Strictly, this group belongs to (b4). The ground state at ambient pressure is the charge ordered and insulating state. A superconducting transition is observed under high pressure. On increasing pressure further, the electrical resistivity undergoes metallic behavior at liquid-helium temperature. β″-(ET)3Cl2·2H2O belongs to this group. The pressure-temperature phase diagram is reported in reference [39,40]. This pressure dependence is thought to be the change from (b4) to (b1). Although the superconducting transition is observed above 1 GPa, this pressure region is suitable for monitoring pressure dependence of the charge sensitive vibrational mode by using a sapphire anvil cell.

As described above, the β"-type ET salts have diversity in the inter-molecular distances and conducting behavior. Therefore, we can expect that a detailed relationship between degree of charge fluctuation and conducting behavior would be obtained.





3. The Properties of the C=C Stretching Modes and the Methodology for Observing the C=C Stretching Modes


3.1. C=C Stretching Mode of Isolated Molecules

Because the number of C=C bonds in one molecule is three, the number of the C=C stretching mode is three [48,49,50,51]. Figure 3 shows three vibrational modes. When the ET molecule has a center of inversion symmetry, ν27 is IR active and ν2 and ν3 are Raman active. The frequencies of these modes show decrease from neutral to radical cations [49,50]. When the inter-molecular interaction is negligible in the crystalline material, the frequencies of each vibrational mode are unperturbed by the inter-molecular interaction.

Figure 3. Schematic views of the ν27, ν2 and ν3 modes. Strictly, the C=C stretching at the central C=C bond (wing C=C bonds) has little contribution to the ν2 (ν3) mode.
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In conducting materials, on the other hand, the inter-molecular transfer integral is non-negligible. The symmetric vibrational modes are non-degenerated when the charge transfer is induced by electron-molecular vibrational (e-mv) interaction. The frequencies of ν2 and ν3 are more or less perturbed. Let us assume the condition that the charges of all molecules in a crystal are identical to one another and that the number of molecules in the repeat unit is n (>2). The number of each vibrational mode is equal to n. The e-mv coupling constant of ν2 is small, ~0.02 eV, whereas the coupling constant of ν3 is large, ~0.1 eV, [49]. Owing to a small coupling constant in the ν2 mode, the frequencies of all ν2 modes are almost identical to one another. On the other hand, the frequencies of all ν3 modes are not always identical to one another. The frequencies of all ν27 modes are identical to one another because the out-of-phase mode is free from the e-mv interaction. Therefore, the properties of ν2 and ν27 are significantly different from that of ν3. The former are sensitive to molecular charge, the latter to a subtle change in the electronic structure.





3.2. Relationship Between the Molecular Charge and the Frequency of the Charge Sensitive Mode

In this subsection, we describe the behavior of ν27 (ν2) whose frequency is not perturbed (less perturbed) by the e-mv interaction. Let us assume the symmetric trimer where the repeat unit consists of two ionic molecules and one neutral-like molecule. The number of IR (Raman) active ν27 mode is two (one), and that of Raman (IR) active ν2 mode is two (one). As for the ν2 modes, three vibrational modes are expressed as follows.

 [image: Crystals 02 00893 i001]      (1)

 [image: Crystals 02 00893 i002]      (2)

 [image: Crystals 02 00893 i003]      (3)

“N” and “I” denote neutral-like and ionic molecules, and the notations of “a~c” are indices, the molecules in a symmetric trimer; “a” and “c” are the outer molecules and “b” is the center molecule. Similar relations are obtained for the ν27 modes, but the notations of “Raman” and “IR” in the above relations are required to be substituted by “IR” and “Raman “, respectively. Since the e-mv coupling is negligible, the coefficient “a” can be regarded as ~1. Two Raman active ν2 modes correspond to ionic and neutral-like molecules whereas one IR active ν2 mode is assigned to ionic molecules. In the same way, two IR active ν27 modes correspond to ionic and neutral-like molecules whereas one Raman active ν27 mode is assigned to ionic molecules. Indeed, the frequency of the IR active ν2 mode belonging to ionic molecules is almost identical to the corresponding ν2 mode in the Raman spectra, and the Raman active ν27 mode belonging to the ionic molecule is also identical to the corresponding ν27 mode in the IR spectra [17]. This result ensures that the frequencies of both ν27 and ν2 modes are basically reflected in the molecular charge. Therefore, the ν27 and ν2 modes are useful to estimate the site charges. However, the intensity of ν27 in the Raman spectra is weak, and ν2 in the IR spectra is also very weak [17]. Hereafter, we discuss the IR active ν27 mode and the Raman active ν2 mode, whose intensities are strong in the IR and Raman spectra, respectively.



In Figure 4, the experimentally obtained frequencies are plotted with respect to the molecular charges. Except for the neutral molecule, there is a linear relationship between the frequency and the molecular charge. However, the frequency of ν27 in the neutral molecule deviates from the linear relationship. The deviation from the linear relationship is also observed for ν2 in the neutral molecule. The deviations from the linear relationships are ascribed to the difference in the molecular structures between the neutral molecule in the neutral crystal and the molecules in the ET-salts. The neutral molecule takes a boat structure whereas the molecules in the radical cation salts take a flat structure. In order to obtain a more exact relationship between the frequency and molecular charge, the frequencies of vibrational modes in the flat and neutral molecules were calculated from the DFT (B3LYP/6-31G**) method [16]. The frequencies of the boat and neutral molecules and the frequencies of the flat and radical cations were also calculated by using the same method. The calculated frequencies of the ν27 and ν2 modes are also plotted in Figure 4. The calculated data of the flat structures are reasonably in agreement with the linear relationship obtained from experiments of the ET salts. The solid lines in Figure 4 show the upgraded relationships between the charge and frequencies. These linear relationships are obtained from the calculated frequencies in the flat and neutral molecules and the frequencies of the ET salts. These upgraded relationships are useful for quantitative estimation of the site charges. From the linear relationships, we have ν27(ρ) = 1398 + 140(1 − ρ) and ν2(ρ) = 1447 + 120(1 − ρ). However, the ν2 mode sometimes exhibits avoided crossing when the frequency of ν2 in the ionic molecule is close to the frequency of the ν3 mode, which is discussed in Section 3.3. In this sense, the estimation of the molecular charge using the ν27 mode is superior to the estimation using the ν2 mode. Nevertheless, the condition of avoided crossing is limiting. On the contrary, the ν2 mode of a neutral-like molecule is free from avoided crossing because the frequency of ν2 in a neutral-like molecule is significantly higher than that of ν3. Therefore, a quantitative discussion using ν2 mode is applicable to most of the ET-containing salts.

Figure 4. The relationship between the molecular charge and the frequency of the ν27 (ν2) mode [16]. The filled squares and trianglesdenote the experimental data. The opened squares and triangles correspond to the calculated data. The calculation in the flat (boat) structure is conducted by assuming D2 (C2) symmetry. Broken line denotes the frequency of the ν2 mode when the ν2 and ν3 modes show the avoided crossing. Crosses denote the frequencies obtained from the experiments of the θ-type ET salts.
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3.3. Factor Group Splitting in ν3 Mode

The ν3 mode couples with the charge transfer transition. The frequency is perturbed by the e-mv interaction. Let us assume the symmetric trimer and the symmetric and non-liner tetramer, where repeat units have the ratio of M:H = 4:2 or M:H = 3:2. The number of both IR and Raman modes of the tetramer is two. As shown in Equations (1,2), the number of the Raman mode for the trimer is two and that of the IR mode is one. The degrees of perturbation in the ν3 modes of tetramer and trimer are evaluated from Figure 5 and Figure 6, respectively [16,17]. The electronic states are solved by exact diagonalization and the frequencies are numerically calculated by constructing the force constant matrix from the second derivative by the normal coordinate of the vibrational mode. The detailed procedures of the calculation are based on [52,53,54,55,56,57]. The transverse axis corresponds to the molecular charge at site “c”. The highest frequency mode of all ν3 modes is the Raman active mode, where all central C=C bonds in the repeat unit show in-phase vibration. In the wide range of ρc, this frequency is almost identical to the frequency corresponding to the chemical composition, that is, the frequencies at +0.5 and +0.67 in Figure 5 and Figure 6, respectively. This mode is also insensitive to the magnitude of the transfer integral as long as the transfer integral is not small [58]. Therefore, the highest frequency mode is the most insensitive to both structural change and molecular charge.

Figure 5. Behavior of the ν3 modes in a non-linear tetramer (M:H = 4:2) as a function of the fractional charge, ρ. The frequencies of the ν2 modes are also shown in this figure. Transfer integrals are shown at the top of the panel. On-site and nearest neighbor Coulomb energies are assumed to be 0.8 and 0.33 eV, respectively. Avoided crossing is assumed in this calculation. Avoided crossing is expected to occur for both large ρc and small ρc. The areas of avoided crossing are enclosed by the squares.
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Figure 6. Behavior of the ν3 modes in a linear trimer as a function of the fractional charge, ρ. The frequencies of the ν2 modes are also shown in this figure. Transfer integrals, on-site Coulomb energy and nearest neighbor Coulomb energy are assumed to be 300 meV, 0.8 eV and 0.2 eV, respectively. The frequencies of the unperturbed conditions are based on reference [17]. Avoided crossing is expected to be occurring for large ρc, and the area is enclosed by the square.
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In the highest frequency mode, the number of phase inversions in the repeat unit is zero because of in-phase vibration. On the other hand, the other crystal modes exhibit phase inversion. Charge transfer is induced, particularly between the neighboring molecules whose C=C stretching modes vibrate out-of-phase. The frequency is decreased due to e-mv interaction. The degree of perturbation depends on the magnitude of the transfer integral, the number of the phase inversion and the charge distribution [58]. As shown in Figure 5 and Figure 6, the frequencies depend on the charge distribution. The line-width and intensity of the e-mv mode are increased with decreasing frequency. Not only the frequency but also the line-width and intensity are sometimes useful for examining the degree of perturbation. Therefore, the charge distribution can be examined from the behavior of the ν3 mode. As for the ν3mode of the β"-type ET salts discussed in the present review, the number of the ν3mode is at most 2~4. Under such conditions, the frequencies of multiple ν3 modes are different from one another, which allow us to assign these modes easily. Applying the factor group analysis to the crystal mode, the charge distribution in the repeat unit can be examined. In this sense, it is important to examine the mutual exclusion rule. The polarization dependence in the IR active ν3 modes is also important in some cases.



In the last part of this subsection, we describe the avoided crossing between ν2 and ν3. When the frequency of ν2 at an ionic molecule is close to that of the highest frequency mode in the ν3 modes, both modes often exhibit an avoided crossing. The avoided crossings of the tetramer and trimer are reproduced in Figure 5 and Figure 6, respectively [16]. In the present calculation, the force constant matrix contains the cress term composed of the normal coordinates of the ν2 and ν3 modes. As for the simulation of the trimer, the methodology for the calculation in reference [16] is applied to the simulation in reference [17], where avoided crossing was not introduced. When the ν2 and ν3 modes have the same parity, avoided crossing occurs. Avoided crossing is often observed in the θ-type ET salts [27,58,59]. Concerning β"-type ET salts, avoided crossing is observed in the CO state of β"-(ET)3(ReO4)2. However, this phenomenon is not always observed in the vibrational spectra of all β"-type ET salts. When the ν2 and ν3 modes exhibit avoided crossing and ρ is close to +1, the exact molecular charge of the ionic molecule cannot always be estimated from the frequency of the ν2 mode. However, the exact estimation of ρ can be conducted from the ν27 mode because this mode is free from such a problem. It should be noted that ρ of a neutral-like molecule can be estimated from the frequency of the ν2 mode because the frequency is remarkably higher than that of the ν3 mode. As far as the ratio between the ionic and neutral-like molecule is known, ρ of the ionic molecule can also be estimated from both chemical composition and ρ of the neutral-like molecule. Therefore, the molecular charge can be estimated from the vibrational spectroscopy mode even if avoided crossing is occurring.





3.4. Experimental Method

In this subsection, we describe the methodologies for the measurements appropriate for the ν27, ν2 and ν3 modes. In general, the sample was a small and luster single crystal, and the color of the single crystal was black. The IR spectra were observed by using a reflectance microscope. Optical conductivity was obtained from a Kramers-Kronig transformation from IR-reflectance spectra. Raman spectra were obtained from backward scattering configuration by using a reflectance microscope.

The ν27 mode is inherently IR active because of the asymmetric vibration. The transition dipole moment is parallel to the molecular long axis [60,61]. The ν27 mode is expected to be strong when the polarization direction is parallel to the molecular long axis. In most of the conducting ET salts, the molecular long axis is perpendicular or almost perpendicular to the conducting and 2D layer. Indeed, the ν27 mode is strong when the polarization direction is parallel to the inter-layer direction. Furthermore, the intensity of the e-mv mode belonging to the ν3 mode is remarkably reduced because the direction of the CT transition is perpendicular to the inter-layer direction. Therefore, this configuration is the best condition observing the ν27 mode. As is often the case with a plate-like crystal, the crystal surface perpendicular to the 2D layer corresponds to the edge of the crystal. When the thickness of a single crystal is comparable to or larger than 100 μm, reflectance spectra can be obtained from a commercially available measurement system. If the thickness is 10~100 μm, the reflectance spectra should be obtained using IR light in the synchrotron radiation [20]. The ν27 mode is sometimes observed in the Raman spectra from the requirements of factor group theory and the lowering of symmetry. However, in general, the ν27 mode in the Raman spectra is very weak as compared with ν2 and ν3 modes in the Raman spectra [17,18]. Therefore, the ν27 mode should basically be observed by using an IR spectrometer equipped with a microscope.

The ν2 mode is the symmetric mode. The frequency is less perturbed by the e-mv interaction because of the small coupling constant, 0.02 eV [49]. The frequency is straightforwardly reflected by the molecular charge unless there is an avoided crossing. The intensity of the ν2 in the Raman spectra depends on the energy of the excitation laser. As for β″-(ET)3(HSO4)2 and β″-(ET)3(ClO4)2, for example, the ν2 of the neutral-like and ionic molecules are resonated with 780 nm and 514 nm lasers, respectively. In order to observe all of the ν2 modes, those which are Raman active, it is recommended that the excitation laser dependence be examined. Otherwise, it is necessary to examine the consistency between the numbers of the Raman-active ν2 modes and the IR-active ν27 modes. In general, a good S/N ratio in the Raman spectra is obtained from the experimental configuration where the polarization direction is parallel to the inter-layer direction. In this configuration, however, the highest frequency ν3 mode is also strong. As a result, the ν2 mode is sometimes observed as a shoulder of the ν3 mode in this configuration. To avoid such circumstances, it is recommended that the ν2 mode be observed in the other configuration, where the polarized light is irradiated onto the 2D layer, that is, the polarization direction is parallel to a certain direction within the 2D layer. Anyhow, the primary choice for observing the ν2 mode is to use incident light polarized along the inter-layer direction.

The ν3 mode is significantly affected by the e-mv interaction. The highest frequency mode is inherently Raman active. This mode is strong when the polarization direction is parallel to the inter-layer direction. Nevertheless, the highest frequency mode is also observed in the Raman spectra when the polarization light is irradiated onto the 2D layer. If the repeat unit has a center of inversion symmetry, it is necessary to observe both IR and Raman spectra in order to observe all ν3 modes. When the space group is P1, on the other hand, the mutual exclusion rule cannot be applied to both IR and Raman spectra. Nevertheless, an observation of both IR and Raman spectra is recommended because we can examine whether or not a pseudo inversion center is located in the repeat unit. Such analysis is required for discussing the distribution in the site-charges and the network of the transfer integrals. As for the Raman spectra of the β″-type ET salts, the observation of any strict polarization dependence is not required, which is significantly different from the fact that polarization dependence in the θ-type ET salts is required for observing all ν3 modes. The difference between the β″-type ET salts and the θ-type ET salts is ascribed to the lack of a screw axis in the β″-type ET salts. Indeed, the Raman spectra of β″-(ET)3(ReO4)2 and β″-(ET)3(HSO4)2 do not show any remarkable polarization dependence [17,18]. On the other hand, the ν3 mode in the Raman spectra exhibits excitation energy dependence. Therefore, it is necessary to examine the excitation energy dependence, in particular, when the number of the ν3 mode tentatively observed is smaller than that estimated from factor group theory. The ν3 mode in the IR spectra often exhibits polarization dependence, but this phenomenon is not required solely from factor group theory. This polarization dependence of the ν3 mode in the IR spectra is related to the distribution of the molecular charge and the transfer integral. Therefore, it is essential to observe the ν3 mode in the IR spectra at least by using incident light polarized along the transverse and stacking axis in the 2D layer.




4. Results of Vibrational Spectra and Degree of Charge Fluctuation

In this section, the experimental results of the β″-type ET salts listed in Table 1 are described. In the first half of this section, the results of 2/3-filled salts (M:H = 3:2 and 6:4) are described. The results of 3/4-filled salts (M:H = 2:1 and 4:2) are discussed in the last half of this section. In each subsection, the relationships between the degree of charge fluctuation, the inter-molecular distance and the conducting property are discussed.


4.1. 2/3-Filled and 3:2-Salts


4.1.1. β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2

The mechanism of the CO state of β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2 is simple [18]. Figure 7 shows the temperature dependence of the ν27 mode of β″-(ET)3(ClO4)2. The ν27 mode exhibits peak separation around the temperature where the electrical resistivity increases [62]. The ν27 mode of β″-(ET)3(HSO4)2 also shows peak separation at the temperature where the magnetic susceptibility decreases and the electrical resistivity increases [42]. Figure 8 shows the ν27 mode in the IR spectra of the 2/3-filled salts. The site charges of β″-(ET)3(ClO4)2 (β″-(ET)3(HSO4)2) are estimated to be 0.81 and 0.36 (0.81 and 0.34) for the ionic and neutral-like molecules, respectively. Figure 9 shows the ν2mode in the Raman spectra of the 2/3-filled salts. The ν2 mode of β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2 also exhibits peak separations. The estimated charges, 0.79 and 0.35 (0.79 and 0.33) are in agreement with those estimated from the ν27 mode. As shown in Figure 7, two ν27 modes at the ionic and neutral-like sites show a fused line-shape with increasing temperature above the transition temperature. However, the line-shape of the ν27 mode exhibits a very broad shape. This behavior is significantly different from the ν27 mode of a metal, whose line-width is very sharp and the frequency takes that corresponding to the chemical composition. The broad line-width in the high temperature phase indicates that the inhomogeneous site charges remain even above the CO transition temperature. However, the charges are not fully localized but exhibit dynamical fluctuation. The degree of fluctuation is defined from the line-width of the ν27 (ν2) mode or the difference in the frequencies between ν27 (ν2) modes at the ionic and neutral-like molecules. Since the frequencies of the ν27 and ν2modes are reflected in the molecular charge, the line-width and the difference in the frequency correspond to the difference in the molecular charge Δρ. When Δρ is large, the charge is localized due to charge ordering and the fluctuation is negligible. A charge fluctuation is characterized as a small but finite Δρ. When Δρ is very small, the charge is delocalized in a 2D layer or delocalized within a limited area. The former corresponds to a metal. One of the examples in the latter condition is the insulating state of κ-(ET)2Cu[N(CN)2]Cl, where one hole is delocalized in a tight dimer [63]. In the CO state of β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2, Δρ is estimated to be 0.5, which is classified into a group of large Δρ. On the other hand, Δρ at 300 K are estimated to be 0.25 and 0.13, respectively. The difference in Δρ between β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2 at 300 K is ascribed to the fact that the transfer integrals along the transverse direction of β″-(ET)3(ClO4)2 are smaller than those of β″-(ET)3(HSO4)2.

Figure 7. Temperature dependence of the ν27 modes in the IR-conductivity spectra of β″-(ET)3(ClO4)2. The conductivity spectra are obtained after Kramers-Kronig transformation of the IR-reflectance spectra. The incident light is polarized along the inter-layer direction. The broken lines are a guide for the eyes. Offsets are applied to all the spectra, except for the spectra at 300 K.
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Figure 8. The ν27 modes of some 2/3-filled salts at low temperature. The frequencies at ρ = 0 and +1 are denoted by the arrows on the top of the panel. The frequency corresponding to +0.67 is shown as the arrow and dotted line in this figure.
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Figure 9. Raman spectra of some 2/3-filled salts at low temperatures. The ν2 mode in each salt exhibits peak separation. The frequencies at ρ = 0 and +1 are denoted by the arrows on the top of the panel. The frequency corresponding to +0.67 is shown as the arrow and dotted line in this figure.
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The number of ν3 modes is estimated to be three because M:H = 3:2. Indeed, three ν3 modes are observed in both IR and Raman spectra in the CO state. The excitation laser dependence of β″-(ET)3(ClO4)2 is almost identical to that of β″-(ET)3(HSO4)2. Furthermore, the polarization dependencies of the Raman spectra are common to each other. These observations indicate that the site charge distributions of β″-(ET)3(ClO4)2 is identical to that of β″-(ET)3(HSO4)2. As for the ν3 modes, the highest and lowest frequency modes are strong in the Raman spectra and the other mode is strong in the IR spectra, which is significantly different from the behavior in β″-(ET)3(ReO4)2. This observation indicates that the mutual exclusion rule applies to both IR and Raman spectra. In the Raman spectra of Figure 9, very weak peaks are observed at ~1425 cm−1. This frequency is identical to that of the ν27 in the IR spectra. However the observation of the Raman active ν27 belonging to the ionic molecule is needed from factor group theory. This vibrational mode corresponds to the IR version of Equation (2). Therefore, we conclude that the mutual exclusion rule applies to both IR and Raman spectra. These results suggest that the repeat units in both salts have inversion centers and the distributions of the transfer integral along the transverse directions are identical to each other. Along the transverse direction, the transfer integral between ionic molecules is larger than that between ionic and neutral-like molecules. The relationship between the distribution of site charges and nearest neighbor Coulomb repulsion is examined from the inter-molecular distance along the stacking direction. As shown in Figure 2, the inter-molecular distance is defined as the distance between the centers of neighboring molecules. The relationship between the charges and distances is represented as [●s○s●L…], etc., where “s” (”L”) denotes the short (long) distance, and the ionic (neutral-like) molecule is designated as the filled (open) circle. The ratio between the short and long distances is s:L = 2:1, which is significantly different from s:L = 1:2 of β″-(ET)3(ReO4)2, which is described in the next subsection. The total number of charge distributions is ND = 3. All distributions are expressed as [●s○s●L], [●s●s○L] and [○s●s●L]. The former distribution is the most stable because this distribution satisfies the requirement that the charge-rich molecules are not adjacent to each other with a short distance. The number of stable distributions is NSD = 1. The other distributions are unstable and asymmetric whereas the most stable distribution is symmetric. Indeed, the experimental result supports the symmetric and the most stable distribution. Therefore, the CO state of β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2 is understandable from the viewpoint of NSD = 1.









4.1.2. β″-(ET)3(ReO4)2

Let us discuss the CO transition of β″-(ET)3(ReO4)2 [17]. As shown in Figure 8, the number of the ν27in the IR spectra is three. The high frequency and weak peaks belong to the neutral-like molecule, and the others belong to the two kinds of ionic molecules. The number of ν2 modes in the Raman spectra is also three. These observations indicate that a repeat unit consists of two kinds of ionic molecules and one neutral-like molecule. The difference in the frequencies in the ν2 modes between the two kinds of ionic molecules is significantly smaller than that estimated from the ν27 modes. This inconsistency indicates that ν2 and ν3 exhibit avoided crossing. The exact molecular charges are estimated from the frequencies of the ν27 mode. The estimated molecular charges are 0.95, 0.85 and 0.2.

Figure 10 shows the behavior of the ν3 mode below and above the CO transition temperature. Concerning three ν3 modes at low temperature and in the CO state, the mutual exclusion rule does not apply to both IR and Raman spectra. This result is in agreement with the fact that the number of the ν27(ν2) in the IR (Raman) spectra is three. Let us discuss why the repeat unit is asymmetric from the viewpoint of the transfer integral and the nearest neighbor Coulomb repulsion. First we examine the transfer integral along the transverse direction. Along this direction, the relationship between the site charges and the magnitude of the transfer integral is [–●▬○=●–●▬○=●…], where “=”, “▬” and “–” denote the largest, the second largest and smallest transfer integrals. Two ionic molecules and one neutral-like molecule are designated as “●” and is “○”, respectively. Since “=” and “▬” are estimated to be 306 and 297 meV, respectively, these transfer integrals are close to each other. The “–” is estimated to be 158 meV. The repeat unit of [–●▬○=●–] can be regarded as a pseudo-symmetric trimer. The pseudo-symmetric structure is supported from the fact that the highest frequency mode is strong in the Raman spectra whereas it is weak in the IR spectra. Nevertheless, such a pseudo-symmetric structure is not consistent with the fact that the mutual exclusion rule is not applied to both IR and Raman spectra [64]. Next, we examine the nearest neighbor Coulomb repulsion along the stacking direction. In the same way as β″-(ET)3(ClO4)2 and β″-(ET)3(HSO4)2, the inter-molecular distance is defined as that between the centers of neighboring molecules. The distribution of the inter-molecular distance is [sLL′] (L < L′) below the transition temperature whereas the distribution above the transition temperature is [sLL]. The most stable and second stable distributions below the transition temperature are [s○L●L′●] and [s●L●L′○], respectively, and the distribution of [s●L○L′●] is unstable. It should be noted that the most stable and second stable distributions are asymmetric whereas the unstable distribution is pseudo-symmetric. Indeed, the most stable distribution obtained from the spectra is in agreement with the result of the X-ray structural analysis [17]. Therefore, the charge distribution is ascribed to the nearest Coulomb repulsion along the stacking direction. The CO state of β″-(ET)3(ReO4)2 is characterized as ND = 3 and NSD = 1.

Figure 10. Comparison between the IR and Raman spectra above and below the CO transition temperature. In both temperatures, the number of ν3 modes is three. The mutual exclusion rule is applicable (not applicable) to both IR and Raman spectra above (below) the transition temperature.
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Let us discuss the charge distribution in the high temperature phase. Figure 11 shows the temperature dependence of the ν27 mode. The number of ν27 modes above the transition temperature is two. The difference in the frequencies is small as compared with that between ionic and neutral-like molecules in the CO state. The Δρ at 300K is estimated to be ~0.2. The small but finite Δρ indicates that the site charges remains inhomogeneous but charges exhibit a dynamical fluctuation. As shown in Figure 10, two ν3 modes are Raman active and one ν3 mode is IR active. Contrary to the CO state, the mutual exclusion rule is applied exactly to both IR and Raman spectra. This observation indicates that not only the charge distributions but also the network of the transfer integral are symmetric, which leads to the symmetric 2D layer. The distribution of the inter-molecular distance along the stacking direction is [sLL]. The most stable distributions are [○s●L●L] and [●s○L●L], where “●” and “○” denote the ionic and neutral-like molecules, respectively. It should be noted that the energy level of [○s●L●L] is identical to that of [●s○L●L]. The unstable distribution is [●s●L○L]. NDand NSD take the conditions of ND =3 and NSD = 2, respectively. The dynamical fluctuation is ascribed to the frustration between two stable distributions. The time-averaged charge distribution is mainly composed of the most stable distributions rather than the unstable distribution, which is consistent with the peak separation in the ν27 mode. As for the ν3 modes, the mutual exclusion rule is applicable to both IR and Raman spectra. This observation is also interpreted from fluctuation because the fluctuation due to two asymmetric distributions produces the symmetric time-averaged distribution. From the viewpoint of charge distribution, CO transition is defined as the charge from NSD > 1 to NSD = 1.

Figure 11. Temperature dependence of the ν27 modes in the IR-conductivity spectra of β″-(ET)3(ReO4)2. The conductivity spectra are obtained after Kramers-Kronig transformation of the IR-reflectance spectra. The polarization direction of the incident light is parallel to the inter-layer direction. The broken lines are a guide for the eyes. Offsets are applied to all the spectra, except for the spectra at 300 K.
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Through the experiments of the M:H = 3:2-salts, we have evidenced that the charge distribution in the ground state is ascribed to the nearest neighbor Coulomb repulsion. ND and NSD of the 3:2-salts as summarized in Table 2. In the next subsections, the distributions of the site charges in the M:H = 6:4-salt and the 3/4-filled salts are examined from the viewpoint of the inter-molecular distance along the stacking direction. In the same way as the 3:2-salts, the number of charge distributions, ND, NSD, etc., are important factors in order to understand the CO transition and the time-averaged charge distribution in the 6:4-salt and 3/4-filled salts.

Table 2. The number of all charge distributions, ND, the most stable distribution, NSD, and the allowed distribution, NAD, at low temperature. The CO state (metal) is defined as NSD = 1 (NSD = ND). Charge fluctuation occurs when the condition of 1 < NAD < ND. Δρ denotes the difference in the molecular charge between the ionic and neutral-like molecules at low temperature. 


	2/3-Filled
	M:H
	ND
	NSD
	NAD
	∆ρ



	(ET)3(ClO4)2
	3:2
	3
	1
	—
	0.5



	(ET)3(HSO4)2
	3:2
	3
	1
	—
	0.4



	(ET)3(ReO4)2
	3:2
	3
	1 a
	—
	0.7



	(ET)3Cl2·2H2O
	6:4
	9
	1
	(4) b
	0.25



	3/4-Filled
	M:H
	ND
	NSD
	NAD
	∆ρ



	(d8-ET)4Pt(CN)4·H2O c
	4:2
	6
	1
	—
	0.6



	(ET)4Ni(CN)4·H2O
	4:2
	6
	1
	—
	0.3



	(ET)4Pd(CN)4·H2O
	4:2
	6
	1
	(4) b
	0.3



	(ET)4Pt(CN)4·H2O
	4:2
	6
	(1) d
	(4) b
	0.15



	(ET)4[(H3O)Ga(C2O4)3]PhNO2
	4:2e
	6
	1<
	5
	0.13



	(ET)4[(H3O)Ga(C2O4)3]Pyridine
	4:2e
	6
	(1<) f
	5≤ f
	0.08



	(ET)4[(H3O)Ga(C2O4)3]CH2Cl2
	4:2e
	6
	(1<) f
	5≤ f
	0.05



	(ET)2Cl(C2I2)
	2:1
	2
	2
	—
	0.03



	(ET)2Br(C2I2)
	2:1
	2
	2
	—
	0.03



	(ET)2AuBr2
	2:1
	2
	2
	—
	< 0.03 g





aNSD is discontinuously changing from 2 to 1 below 80 K. bNAD can be defined as under hydrostatic pressure. c All hydrogen atoms in the ethylene-dithio groups are substituted by deuterium. d The energy level of the two stable distributions are close to each other. e M (H) is different from the number of the molecules (the formal holes) in the crystallographic repeat unit in the 2D layer, those which are defined as 8 (4). f The energy levels of all distributions are close to one another. These compounds take the condition between a metal (ND = NSD) and a fluctuated state (1< NAD < ND). g The resolution of the spectrometer was set to 4 cm−1. The ν27 mode is observed as a single peak in this resolution. Therefore, ∆ρ is identical to or smaller than 0.03.







4.2. 2/3-Filled and 6:4-Salt: β″-(ET)3Cl2·2H2O

Here we discuss the degree of charge fluctuation in β″-(ET)3Cl2·2H2O, where six molecules participate in the repeat unit [19]. The temperature dependence of the electrical resistivity under ambient pressure exhibits bad metallic behavior above 120 K and insulating behavior below 120 K [39]. An insulator-superconducting transition is observed under 1~1.6 GPa [39,40]. On increasing pressure further, the resistivity exhibits metallic behavior. The high pressure phase is inherently a metal phase because of the observation of quantum magnetic oscillation [40]. First, the molecular charges under ambient pressure are described. The molecular charges were previously estimated from x-ray structural analysis [45], which is roughly in agreement with the present result. In order to conduct quantitative discussions, vibrational spectroscopy is applied to the CO state of β″-(ET)3Cl2·2H2O. As shown in Figure 9, the number of ν2 modes in the low temperature phase is two, suggesting the CO state. From the frequency of the two ν2 modes, ρ of the ionic and neutral-like molecules are estimated to be 0.75 and 0.5, respectively. The difference in the site charges is estimated to be Δρ = 0.25, and the ratio between the ionic and neutral-like molecules is 2:1. As shown in Figure 8, unfortunately, an exact estimation of ρ of the neutral-like molecule cannot be conducted from the ν27 mode because the ν27 mode of the neutral-like molecule is overlapped by the ν3 mode. On the other hand, ρ of the ionic molecule is estimated from the frequency of the ν27 mode. The estimated ρ, 0.75, is in agreement with ρ estimated from the ν2 mode. The ν27 mode of the neutral-like molecule is observed in the Raman spectra shown in Figure 9. Since the frequency of the ν27 mode in the Raman spectra is ~1465 cm−1, ρ of the neutral-like molecule is estimated to be 0.5, which is also consistent with ρ estimated from the ν2 mode. The observation of the ν27 mode in the Raman spectra is ascribed to the fact that the number of neutral-like molecules in the repeat unit is two. As described above, the ν3 mode shown in Figure 8 is overlapped by the ν27 mode. Interestingly, the frequency of the ν3 mode in the IR spectra is almost identical to that in the Raman spectra. The observation of the ν3 mode in the IR spectra is also ascribed to the fact that the number of neutral-like molecules in the repeat unit is two. Therefore, the repeat unit consists of four ionic molecules and two neutral-like molecules, and ρ of each molecule are estimated to be 0.75and 0.5, respectively.

In the same way as for the 3:2-salts described above, the distribution of site charges is explained from the inter-molecular distance. A repeat unit is composed of two subunits. Each subunit consists of three molecules, which are arranged along the stacking direction. Two subunits are adjacent to each other along the transverse direction. The inter-molecular distance in one column is expressed as [sLL′] (s << L < L′), and that in the adjacent column is expressed as [L′Ls]. Hereafter, the configuration of the inter-molecular distances in a repeat unit is expressed as [sLL′]/[L′Ls]. The number of all charge distribution is ND = 9. The most stable distribution is [s○L●L′●]/[●L′●L○s]. The secondary stable distributions are [s●L●L′○]/[●L′●L○s] and [s○L●L′●]/[○L′●L●s]. The third stable distribution is [s●L●L′○]/[○L′●L●s]. Indeed, the most stable distribution is in agreement with the distribution obtained from x-ray structural analysis [45] and consistent with the behavior of the ν3 mode [19]. The CO state under the ambient pressure is attributed to NSD = 1.



Figure 12 shows temperature dependence of the ν27 mode. The ν27 mode in the high temperature phase exhibits a broad line-width, suggesting that the site charges show dynamical fluctuation. The temperature dependence of the ν27 mode is continuous around the transition temperature. This behavior is consistent with that of β″-(ET)3(ClO4)2 but inconsistent with the discontinuous change in β″-(ET)3(ReO4)2. It should be noted that both β″-(ET)3Cl2·2H2O and β″-(ET)3(ClO4)2 take NSD = 1 in the whole temperature range whereas β″-(ET)3(ReO4)2 in the high temperature phase takes NSD = 2. The temperature dependence in β″-(ET)3Cl2·2H2O is explained with the following scenario. With increasing temperature above the CO transition temperature, the second, third stable distributions, etc., participate in time-averaged charge distribution. As far as NSD = 1, the most stable distribution has the largest contribution to the time-averaged distribution. Therefore, the continuous temperature dependence is ascribed to the fact that the energy levels do not show any remarkable change in the whole temperature range. Hereafter, the number of allowed charge distributions is defined as NAD. NSD, NAD and ND have the relationship of NSD ≤ NAD ≤ ND. When ionic molecules can not be neighbored with a short distance, the number of the allowed distribution is NAD = 4. The time-averaged distribution in the repeat unit is expressed by using the allowed distributions; a × ([s○L●L′●]/[●L′●L○s]) + b × ([s●L●L′○]/[●L′●L○s] + [s○L●L′●]/[○L′●L●s])+ c × ([s●L●L′○]/[○L′●L●s]) (1 > a > b > c > 0, a + b + c ≤ 1). With increasing temperature, b and c are close to a. As a result, the time-averaged distribution becomes [s○L●L′○]/[○L′●L○s] (○ < ●). Let us examine the time-averaged distribution from the viewpoint of the ν27 mode. The frequency of the ν27 mode of the ionic molecule is almost unchanged in the whole temperature range whereas the frequency of the neutral-like molecule shows a decrease with increasing temperature. This observation leads to the fact that the ratio between the ionic and neutral-like molecules is 1:2, which is consistent with the time-averaged distribution shown above. Therefore, the charge distribution in both CO and charge fluctuated states can be explained from the standpoint of the energy levels in the charge distributions.

Figure 12. Temperature dependence of the ν27 modes in the IR-conductivity spectra of β″-(ET)3Cl2·2H2O. The spectra are obtained after Kramers-Kronig transformation of the IR-reflectance spectra. The polarization direction of the incident light is parallel to the inter-layer direction. Offsets are applied to all the spectra, except for the spectra at 300 K.
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It is interesting to examine the degree of charge fluctuation in the pressure region where the electrical resistivity exhibits the SC transition. Figure 13 shows the pressure dependence of the two ν2 modes at low temperature. The difference in the frequencies decreases under pressure, which means that Δρ decreases with increasing pressure. Interestingly, Δρ at 1.3 GPa, where the electrical resistivity exhibits the insulator-SC transition, is small but finite, ~0.09. This observation indicates that the charge fluctuation survives around the phase boundary between insulator and superconducting phases. On increasing the pressure further, Δρ becomes smaller. At 2.0 GPa, where the electrical resistivity exhibits metallic behavior, Δρ is estimated to be ~0.03. Very small Δρ means that the time-averaged molecular charges at all sites are identical to one another. This condition gives the homogeneous charge distribution. Therefore, the metallic state is expressed as 1 < NSD = ND. The pressure dependence of β″-(ET)3Cl2·2H2O is interpreted as the change from 1 =NSD < ND, 1 < NAD < ND to 1 < NSD = ND. These conditions correspond to the insulator (=CO), bad metal (=charge fluctuation) and metal (homogeneous and delocalized charges), respectively. The superconducting phase is characterized as the condition of 1 < NAD < ND. The relationship between Δρ and conducting behavior is also observed in the 4:2–salts, which are described in the next section.

Figure 13. Pressure dependence of the ν2 modes in the Raman spectra of β″-(ET)3Cl2·H2O at 10 K. The broken lines are a guide for the eyes.
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4.3. 3/4-Filled and 2:1-Salts

β″-(ET)2AuBr2, β″-(ET)2Cl(C2I2) and β″-(ET)2Br(C2I2) belong to M:H = 2:1-salts. The electrical resistivity of these salts exhibit metallic behavior down to liquid helium temperature [33,47]. The ν27 and ν2 modes of several 3/4-filled salts are shown in Figure 14 and Figure 15, respectively. As shown in Figure 14, the ν27 mode of β″-(ET)2AuBr2exhibits a single peak. The IR-conductivity spectrum exhibits metallic behavior even at room temperature [65]. The frequency of the ν27 mode of β″-(ET)2AuBr2 is almost identical to that at ρ = 0.5. No remarkable change was noted suggesting the phase transition was observed in the temperature dependence of the IR spectra [16]. These experimental results lead to the view that the number of the molecules in the repeat unit is two in the whole temperature range and the holes are delocalized in the 2D layer. As far as there is no remarkable change in the crystal structure, the configuration of the inter-molecular distances remains [sL] (s << L). Because the energy levels between [s○L●] and [s●L○] are identical to each other, the relationship of NSD = ND = 2 is established. In other words, β″-(ET)2AuBr2 satisfies the condition of a metal, 1 < NSD = ND.

Figure 14. The ν27 modes of some 3/4-filled salts at low temperature. The frequencies at ρ = 0, +0.5 and +1 are denoted by the arrows on the top of the panel.
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Figure 15. The ν2 modes of some 3/4-filled salts at 10 K. The frequencies at ρ = 0, +0.5 and +1 are denoted by the arrows on the top of the panel. The incident light is polarized along the inter-layer direction, except for β″-(d8-ET)4Pt(CN)4·H2O.
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We have also examined the charge sensitive mode of β″-(ET)2Cl(C2I2) and β″-(ET)2Br(C2I2). As shown in Figure 15, the number of ν2 modes is two. However, Δρ estimated from the ν2 modes, 0.03, is very small and comparable to that of β″-(ET)3Cl2·2H2O in the high pressure region. Furthermore, any remarkable change in the ν3 mode was not observed in the whole temperature range below 300 K. In the same way as β″-(ET)2AuBr2, the condition of 1 < NSD = ND( = 2) remains from room temperature down to low temperature. Therefore, our observations confirm that the metallic state of the β″-type ET salts is defined as 1 < NSD = ND. This condition is in agreement with that of β″-(ET)3Cl2·2H2O in the pressure-induced metal state.





4.4. 3/4-Filled and 4:2-Salts


4.4.1. β″-(ET)4M(CN)4·H2O [M = Ni, Pd, Pt]

The temperature dependence of electrical resistivity in this group exhibits bad-metallic behavior and shows insulating behavior at low temperature [5,38]. An insulator-superconducting (I-SC) transition is observed in the electrical resistivity of M = Pd and Pt under hydrostatic pressure. According to x-ray structural analysis at room temperature, the configuration of the inter-molecular distance is thought to be symmetric, [sLsL′] (s << L< L′) [5,38]. The inter-molecular distances along the stacking direction is increased with increasing size of M, suggesting reduction of nearest neighbor Coulomb repulsion. In this section, we discuss the molecular charge in this material group on the basis of the results of vibrational spectroscopy under ambient pressure.

First, let us discuss the molecular charges of M = Ni and Pd. As shown in Figure 15, the ν2 mode of M = Ni and Pd exhibits peak separation, suggesting the CO state. It is unclear exactly whether or not avoided crossing has occurred between the ν2 and ν3 modes of M = Ni and Pd. Hereafter, the estimation of the molecular charge is conducted under the assumption that there is no avoided crossing. This assumption is supported from the fact that the frequency of the highest frequency ν3 mode is close to that of the ν2 mode of the ionic molecule. Owing to the closeness in the frequencies, one may mistake ν2 for ν3. Such an incorrect assignment does not have a serious influence on the estimation of the molecular charge for the following reasons, because the error of the molecular charge due to the incorrect assignment is negligibly small. In addition to this, the molecular charge at the ionic molecule can be estimated from the frequency of the ν2 mode at the neutral-like molecule and from the chemical composition. In both cases, Δρ is estimated to be 0.3. This value is a little larger than Δρ of β″-(ET)3Cl2·2H2O but smaller than Δρ in the “Horizontal CO state” of the θ−type ET salts, 0.7~0.8 [27,58,59]. In the same way as β″-(ET)3Cl2·2H2O, Δρ of M = Ni and Pd indicates that the energy level of the most stable distribution is not so far away from that of another distribution.

In Figure 16, the IR and Raman spectra of M = Ni salt at low temperature are compared with each other. The ν3 mode, which is significantly perturbed by the e-mv interaction, is observed in the IR spectra in the whole temperature range below room temperature [19]. On the other hand, the corresponding mode in the Raman spectra is not observed at room temperature although this mode is observed at low temperature [19]. Therefore, the mutual exclusion rule is not applicable to both IR and Raman spectra in the CO state. This observation indicates that the distribution of the molecular charges as well as the configuration of the inter-molecular distance is asymmetric in the CO state. Because the Raman spectra of M = Pd resembles that of M = Ni, the charge distribution in the CO state of M = Pd is also asymmetric. In this material group, the number of all charge distributions is ND = 6. If the repeat unit is symmetric, two distributions are stable: [s●L○s●L′○] and [s○L●s○L′●]. The number of both second and third stable distributions is one; [s○L○s●L′●] and [s●L●s○L′○], respectively. The distributions of [s●L○s○L′●] and [s○L●s●L○′] are unstable. However, the repeat unit is asymmetric in the low temperature phase. Owing to the asymmetric structure, one of the two stable distributions is the more stable than the other, which corresponds to the condition of the CO state, NSD = 1.

Figure 16. (top panel) The IR-conductivity spectra of (ET)4M(CN)4·H2O [M=Pt and Ni], obtained from reflectance spectra at 8 K. The incident lights are irradiated onto the 2D layer, andthe polarization directions are parallel to the stacking direction. (bottom panel) Raman spectra of (ET)4M(CN)4·H2O [M=Pt, Pd and Ni]. The laser energies are 780 nm and the sample temperatures are 20 K. The incident light is also irradiated onto the 2D layer. As for M=Ni and Pd, significantly perturbed ν3 modesare also observed in the spectra obtained with the 633 nm laser.
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The intensity of the significantly perturbed ν3 mode in the Raman spectra decreases with increasing temperature [19]. In addition to this, the ν2 mode does not exhibit any discontinuous change in the whole temperature range below room temperature [19]. As discussed in the previous section, the continuous temperature dependence indicates the condition of NSD < NAD rather than the discontinuous change from NSD = 1 to 1 < NSD. The charge distribution in the CO state undergoes time-averaged distribution with increasing temperature. With increasing temperature, the difference in the energy levels of two stable distributions is negligible. However, this scenario corresponds to the change from NSD = 1 to 1 < NSD. In order to satisfy the condition of NSD < NAD, it is required that the time-averaged distribution consists of the second and third stable distributions as well as the two and most stable distributions. The symmetric structure obtained from x-ray structural analysis at 300 K is interpreted as the time-averaged structure. Because the significantly perturbed ν3 mode in the Raman spectra is weak at high temperature, the mutual exclusion rule is applicable to both IR and Raman spectra in the high temperature phase [19]. This phenomenon is also ascribed to symmetric time-averaged distribution. Therefore, the bad metallic state of M = Ni and Pd is attributed to the condition of NSD < NAD. The significantly perturbed ν3 mode shows remarkable temperature dependence, which is explained from the fact that the energy levels are not so far away from one another. This conclusion is also supported by the fact that Δρ of M = Ni and Pd is not so large. The closeness in the energy levels indicates that this material group is sensitive to chemical pressure and physical pressure.



The behavior in the C=C stretching modes of β″-(ET)4Pt(CN)4·H2O at low temperature is different from that of M = Ni and Pd. The ν2 mode in Figure 15 exhibits a fused line-shape [66]. In order to estimate Δρ more exactly, we observed the ν27 mode. As shown in Figure 14, the ν27 mode exhibits peak separation and Δρ is estimated to be ~0.15, which is smaller than that of M = Ni and Pd, ~0.3. The small but finite Δρ indicates that the charge fluctuation remains even at low temperature. The robustness of the charge fluctuation at low temperature is supported by the behavior in the ν3 mode. As shown in Figure 16, the intensities of the significantly perturbed ν3 mode in both IR and Raman spectra are weak compared with those of M = Ni and Pd. The spectra in the low temperature phase of M = Pt resemble those of M = Pd and Ni in the high temperature phase. The weak intensity indicates that the static charge distribution is suppressed whereas the large intensity in the low temperature phase of M = Ni and Pd is characterized by the static CO state. Therefore, M = Pt salt at low temperature is close to the condition at high temperature, NSD < NAD. As far as the fact that the significantly perturbed ν3 mode is still observed in the Raman spectra, however, a more detailed discussion would be needed in order to understand the energy levels at low temperature. This is described in the next paragraph.

The suppression of static distributions and the enhancement of charge fluctuation in the M = Pt salt are explained from the viewpoint of inter-molecular distance. Since the inter-molecular distance along the stacking direction of M = Pt is larger than those of M = Ni and Pd, the magnitude of the nearest neighbor Coulomb repulsion, V, is small among this material group. Owing to the reduction of V, the energy levels of the second and third stable distributions become close to those of two stable distributions. Therefore, the static charge distribution is suppressed and the charge fluctuation remains even at low temperature. Because the significantly perturbed ν3 mode is weak, the low temperature state takes an intermediate condition between 1 = NSD(<ND) and 1 < NAD < ND. The latter condition is consistent with that of β″-(ET)3Cl2·2H2O at ~1.3 GPa, where the electrical resistivity exhibits an insulator-superconducting transition. Indeed, M = Pt is also a pressure-induced superconductor, and the pressure required for the superconducting transition is lower than that of the M=Pd salt. On the basis of the experimental results of M = Pt and β″-(ET)3Cl2·2H2O, we conclude that the low temperature phase neighbored with the superconducting phase is characterized as the condition of 1 < NAD < ND.



4.4.2. Deuterium Effect on the Molecular Charges in β″-(ET)4Pt(CN)4·H2O

The Raman spectra of the deuterium analogue of M = Pt is shown in Figure 17. Deuterium substitution is applied to all hydrogen atoms in the ethylene-dithio groups. The behavior of the C=C stretching modes at 50 K is almost identical to those of M = Ni and Pd rather than those of M = Pt. Interestingly, not only the frequencies of the ν2 and ν3 modes but also the intensities of the ν3 modes are almost exactly identical to those of M = Ni and Pd. The number of the stable distribution is NSD = 1. This isotope effect is comparable to the decrease in the inter-molecular distance along the stacking direction because the inter-molecular distances of M=Ni and Pd are shorter than that of the naturally abundant M = Pt. It is noteworthy to compare the isotope effect of κ-(ET)2Cu[N(CN)2]Br and the present result. In the phase diagram of the κ-type ET salts, κ-(ET)2Cu[N(CN)2]Br is located around the boundary between insulator and superconductor phases [67,68]. The physical properties of the deuterium compound are close to those of κ-(ET)2Cu[N(CN)2]Cl. It should be noted that the intra-dimer distance of κ-(ET)2Cu[N(CN)2]Cl is shorter than that of the naturally abundant κ-(ET)2Cu[N(CN)2]Br. These isotope effects indicate that the anisotropic decrease in the inter-molecular distance is induced by the deuterium substitution. Since CH2-related vibrational modes are anisotropic, the reduction of the effective molecular volume is expected to be anisotropic [69]. The decrease in the frequencies of C-H stretching modes contributes to the decrease in the effective molecular length along the molecular long axis. However, the contraction along the inter-layer direction, compared with the contraction within the 2D layer, has little contribution to the degree of charge fluctuation. The decreases in the frequencies of C-H stretching modes, CH2-bending modes, CH2-rocking modes, etc. have large contributions to the contraction of the effective molecular space perpendicular to the molecular plane. In the β″-ET salt, the anisotropic contraction of the effective molecular space induces the effective contraction of the inter-molecular distance along the stacking direction as compared with those along the transverse and diagonal direction. The anisotropic and effective decrease in the inter-molecular distance leads to the enhancement of the nearest neighbor Coulomb repulsion along the stacking direction, which contributes to the CO state. As for κ-(ET)2Cu[N(CN)2]Br, the anisotropic contraction of the effective molecular space induces the effective contraction of the intra-dimer distance rather than that of the inter-dimer distance. The effective contraction of the intra-dimer distance enhances the inter-molecular interaction within a dimer rather than that between dimers. The enhancement of the intra-dimer interaction contributes to the increase in the effective on-site Coulomb repulsion at a dimer. This scenario is consistent with the isotope effect on κ-(ET)2Cu[N(CN)2]Br and in agreement with the phase diagram of the κ-type ET salt [69]. Therefore, the deuterium effect can be interpreted from the viewpoint of the effective contraction of the molecular space perpendicular to the molecular plane. This interpretation is supported from the c-axis contraction in the partial deuterium analogue of (Me2-DCNQI)2Cu [70].

Figure 17. Raman spectra in the CO state of the deuterium analogue of (ET)4Pt(CN)4·H2O. The incident light is irradiated onto the 2D layer. The spectra at 10 K is also shown in Figure 15. The laser energy is 780 nm.



[image: Crystals 02 00893 g017 1024]







As shown in Figure 17, the Raman spectrum at 10 K is different from that at 50 K. The prominent peak is overlapped with one of the ν3 mode at ~ 1420 cm−1. In order to examine the vibrational mode in detail, the enlarged spectrum is shown in Figure 15. Note that the experimental configuration of the deuterium analogue is different from the other spectra shown in Figure 15. The incident light for the other spectra is irradiated onto the edge of the crystal, whereas the incident light in the present spectrum is irradiated onto the 2D layer. The difference in the frequencies between the two ν2 modes is larger than those of M = Ni and Pd. From the frequencies of the two ν2 modes, ρ for ionic and neutral-like molecules are estimated to be 0.8 and 0.2, respectively, and Δρ is estimated to be 0.6, which is also shown in Table 2. It is reasonable that the prominent peak, overlapped with the ν3 mode at ~1420 cm−1, can be assigned to the ν27 mode of the ionic molecule, because the peak position corresponds to the frequency of the ν27 mode at ρ = 0.8. Δρ of the present compound at 10 K is larger than not only Δρ of the natural abundant of M = Pt but also Δρ of M = Ni. This result indicates that the magnitude of V in the deuterium analogue of M = Pt is the largest of all for β″-(ET)4M(CN)4·H2O shown in Table 2. Nevertheless, there is no remarkable change in the ν3 modes between 50 K and 10 K, suggesting that the distribution of the site charge at 10 K is almost identical to that at 50 K. It is reasonable that any redistribution in site charges cannot be induced by the enhancement of V solely because the most stable distribution becomes more stable with an increase in V. The same behavior is also observed in some θ-type ET salts: Δρ of θ-(ET)2RbZn(SCN)4, θ-(ET)2TlZn(SCN)4 and θ-(ET)2Cu[N(CN)2]CN are more or less different from one another although the charge distributions of all compounds remain as “Horizontal” structures [27,58,59].



4.4.3. β″-(ET)4[Ga(ox)3H3O]X [ox = Oxalate Anion, X = PhNO2, CH2Cl2, Pyridine]

This material group is suitable for examining the degree of charge fluctuation around the boundaries among the insulator, superconducting and metal phases [19]. The temperature dependence of the electrical resistivity of X= PhNO2 is categorized as bad-metallic behavior. The temperature dependence shows a metallic behavior down to ~150 K but exhibits insulating behavior below 150 K [35]. The insulator-superconducting transition is observed at ~7.5 K at ambient pressure [35]. The resistivity around 10 K is 10 times as much as that of the resistivity minimum at ~150 K [35]. On the other hand, the electrical resistivity of X = pyridine and CH2Cl2 do not exhibit SC transition at ambient pressure [35,46]. Although the resistivity minimum is observed around 150 and 100 K, respectively, no remarkable change in the temperature dependence of the resistivity is observed down to liquid helium temperature [35,46]. The magnetic quantum oscillations of X = pyridine and X = PhNO2are observed [30,31]. Although the Fermi pocket of X= PhNO2 is very small under ambient pressure, the area of the Fermi pocket increases with increasing hydrostatic pressure [30]. X = pyridine is inherently metal and X = CH2Cl2 is thought to be metal. X = PhNO2is close to the boundary between the insulator, SC and metal phases.

The ν27 modes in the IR reflectance spectra of X = PhNO2 and X = pyridine are shown in Figure 14. Because of the small area of the crystal edge, the absolute reflectivity was not obtained. When the signal from the crystal is very weak, the saw-toothed structure due to H2O on the KBr disk is observed over the wide range of the spectral region in Figure 14. When the intensity of the H2O-related modes is comparable to that of the ν27 mode, the exact peak position of the ν27 modes could not be determined from the reflectance spectra. Because the intensity of the H2O-related modes in the region of 1500–1550 cm−1 is very weak, the contribution from the H2O-related modes around 1460 cm−1 is also expected to be small. Therefore, the main components of the peak-like structures around 1460 cm−1are ν27 modes. The peak-like structure of X = PhNO2is broad as compared to that of X = pyridine. This difference suggests that X = pyridine is characterized as being more delocalized nature when compared with X = PhNO2. In order to evaluate this difference quantitatively, Δρ is estimated from the frequencies of the ν2 mode. The ν2 modes of X=PhNO2, CH2Cl2 and pyridine are shown in Figure 15. Δρ are estimated to be 0.13, 0.08 and 0.05, respectively. As for X = PhNO2, Δρ~0.13 is a little smaller than that of β″-(ET)4Pt(CN)4·H2O and comparable to that of β″-(ET)3Cl2·2H2O at 1.3 GPa. Δρ of X = CH2Cl2 and X = pyridine are smaller than Δρ of X = PhNO2. This observation leads to the fact that Δρ of the superconductor is larger than Δρ of the metal. This result is in agreement with the pressure dependence of Δρ in β″-(ET)3Cl2·2H2O.

Prior to discussing the ν3 mode, the crystal structure of this material group is described. According to X-ray structural analysis, a unit cell consists of sixteen ET molecules. Eight molecules belong to one 2D layer and the other eight molecules to another 2D layer. Each 2D layer is separated by an anion layer. Strictly, the number of molecules in a repeat unit of a 2D layer is eight. From the viewpoint of the network of the transfer integrals and the inter-molecular distances, however, the repeat unit in the 2D layer consists of four molecules rather than eight molecules. The anion layer is composed of oxalate complexes, oxonium ions and solvent molecules. The inter-molecular interactions in the 2D layer more or less depend on the size of the solvent molecule in an anion layer, X. Indeed, the averaged transfer integrals along the transverse and stacking directions of X = PhNO2are larger than those of X = pyridine, respectively [35].

Since the number of molecules in the repeat unit is four, the total number of ν3 modes is four. However, only two ν3 modes are observed in the IR and Raman spectra; one is the highest frequency mode in the Raman spectra, the other is the IR active mode [19]. The IR active mode corresponds to the most perturbed mode in the IR spectra of β″-(ET)4M(CN)4·H2O. As discussed in the previous section, the most perturbed mode in a group of β″-(ET)4M(CN)4·H2O is observed in both IR and Raman spectra because the charge distribution is asymmetric [19]. Owing to fluctuation, the most perturbed mode in the Raman spectra of M = Pt is weak compared with those of M = Ni and Pd [19]. The absence of the most perturbed mode in the Raman spectra of β″-(ET)4[Ga(ox)3H3O]X indicates that dynamical fluctuation is more enhanced compared with the fluctuation in β″-(ET)4Pt(CN)4·H2O [19]. Since the mutual exclusion rule is almost applicable to both IR and Raman spectra, the time-averaged charge distribution is symmetric. The behavior of the ν3 modes is in agreement with the fact that Δρ of this material group is smaller than Δρ of β″-(ET)4M(CN)4·H2O.

Let us examine the degree of charge fluctuation from the viewpoint of the inter-molecular distance. The configuration of the inter-molecular distance is expressed as [sLL′L] (s << L < L′). The difference between β″-(ET)4[Ga(ox)3H3O]X and β″-(ET)4M(CN)4·H2O lies in the number of the long inter-molecular distances: the former is three, the latter is two. Let us assume that there is no change in the inter-molecular distance from room temperature down to liquid helium temperature. This assumption is supported from X-ray structural analysis as well as no remarkable change in the vibrational spectra [19,35]. The number of all charge distribution is ND = 6; the most stable distributions: [s○L●L′○L●] and [s●L○L′●L○], the second stable distribution: [s○L●L′●L○], the third stable distributions: [s●L●L′○L○] and [s○L○L′●L●], and the unstable distribution: [s●L○L′○L●]. These energy levels give the condition of NSD = 2 and NAD = 5. The dynamical fluctuation under this condition leads to the symmetric distribution. Indeed, the behavior of the ν3 modes supports the fact that the time-averaged charge distribution is symmetric or close to symmetric. The more fluctuated behavior in β″-(ET)4[Ga(ox)3H3O]X than β″-(ET)4M(CN)4·H2O is attributed to the fact that NSD and NAD of β″-(ET)4[Ga(ox)3H3O]X are larger than those of β″-(ET)4M(CN)4·H2O. Therefore, the present material group satisfies the condition of the charge fluctuation, 1 < NAD < ND.

As described above, the transfer integrals of X = pyridine is larger than those of X = PhNO2. On increasing the transfer integral, the energy levels of the different charge distributions are close to one another. An increase in the transfer integrals leads to the view that NSD, NAD and ND are almost identical to one another. Because of the closeness in the energy levels, the time-averaged charge distribution becomes homogeneous. Indeed, Δρ of X = CH2Cl2 and X = pyridine is smaller than those of X = PhNO2 and β″-(ET)4Pt(CN)4·H2O. Nevertheless, Δρ of X= CH2Cl2 and X = pyridine are larger than those of β″-(ET)2AuBr2, β″-(ET)2Cl(C2I2) and β″-(ET)2Br(C2I2). These results suggest that X= CH2Cl2 and X = pyridine take up an intermediate condition between 1< NAD< ND and 1< NSD = ND.





5. Phase Diagram and Degree of Charge Fluctuation in Other β″-Type ET Salts

In the last part of this review, the experimental results are summarized by using a schematic phase diagram as shown in Figure 18 [19]. The vertical and transverse axes denote the temperature and Δρ, respectively. Δρ is decreases from left to right. Δρ decreases with increasing transfer integral or hydrostatic pressure whereas Δρ increases with an enhancement of the nearest neighbor Coulomb repulsion. The left bottom side corresponds to the localized and CO phase. The right bottom side corresponds to the delocalized state which is inherently a metal phase. Most of the area in the high temperature region is bad-metallic state, which is different from the metal phase. In the bad-metallic state, molecular charges are inhomogeneous and not fully localized. With decreasing temperature, the area of the bad-metal in the phase diagram is reduced. As for the region of large Δρ (very small Δρ), the bad-metal area takes the place of the area of the CO phase (metal phase). In the bottom area around Δρ~0.1, charge fluctuation remains at low temperature. The value of Δρ~0.1 is reasonable because the difference in the frequencies in the charge sensitive mode, ~10 cm−1, corresponds to a temperature of ~10 K. From the viewpoint of the number of charge distributions, the localization in the CO phase (the delocalization in the metal phase) is expressed as 1 = NSD (1 < NSD = ND). These are inherently ground states. When the condition of 1 < NAD < ND remains at low temperature, charge fluctuation is realized at low temperature. Our observation indicates that the charge fluctuated state is replaced by the superconducting state as an inherent ground state.

Figure 18. Schematic phase diagram of the β″-type ET salts. The vertical axisdenotes the temperature, T. The transverse axis is the difference in the molecular charge between the ionic and neutral-like sites, Δρ. Δρ is estimated from vibrational spectroscopy. Superconducting phase is designated as “SC”. The relationships among NSD, NAD and ND at low temperature are shown just above the phase diagram. At the top of this panel, some compounds discussed in this review are shown.
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Let us discuss the difference between 1 < NAD < ND and 1 < NSD = ND and the difference between 1 = NSD and 1 < NAD < ND. In the condition of 1 < NAD < ND, the allowed charge distributions (unstable distributions) contribute (do not contribute) to the time-averaged distribution. When the energy level of the unstable distribution approaches those of the allowed distributions, the condition of 1 < NAD < ND is changed to 1 < NSD = ND. This change requires the increase or decrease in the inter-molecular distance in order to enhance t or reduce V. However, such change does not require any remarkable change in the crystal structure. Therefore, the change from 1 < NAD < ND to 1 < NSD = ND is continuous in principle. Indeed, the continuous change is confirmed by comparison of the vibrational spectra in a group of β″-(ET)4[Ga(ox)3H3O]X. On the other hand, the change from 1 = NSD to 1 < NAD < ND requires a remarkable change in the symmetry of the repeat unit (or subunit). In this sense, there is a specific phase boundary between the CO state and the SC (or charge fluctuated) states. The remarkable change in the crystal symmetry is confirmed by the comparison between the vibrational spectra of β″-(ET)4Ni(CN)4·H2O, β″-(ET)4Pt(CN)4·H2O and β″-(ET)4[Ga(ox)3H3O]PhNO2. These observations indicate a critical point between the CO phase and the SC (or charge fluctuated) phase. In order to clarify the phase boundary, it is necessary to examine why the charge sensitive mode of M = Pt exhibits a broad line-width [66]. Therefore, the phase transition from 1 = NSD to 1 < NAD < ND is more or less discontinuous whereas the change from 1 < NAD < ND to 1 < NSD = ND is continuous.



It is interesting to examine the conducting property when the number of energy levels in the charge distribution is two and NSD = 1. In such a case, the condition of NSD = 1 is almost directly changed into 1 < NSD = ND with increasing t or decreasing V. This prediction is based on the fact that the condition of 1 < NAD < ND is barely allowed because the number of energy levels changed from 2 to 1 with increasing t or decreasing V. According to the temperature dependence of the electrical resistivity in β″-(ET)3(ClO4)2 under hydrostatic pressure, insulating behavior is changed into metallic behavior, and the SC transition is barely observed [71]. This compound takes 1 = NSD and ND = 3 at ambient pressure. Since the energy levels of the two unstable distributions are identical to each other, the number of the energy levels is two. As far as the repeat unit remains symmetric under hydrostatic pressure, the condition in the CO state, 1 = NSD, is directly transformed into the condition of a metal 1 < NSD = ND(=3). This experimental result also supports the fact that the SC transition of the β″-type ET salts requires the condition of charge fluctuation, 1 < NAD < ND.

Here we will give a brief comment on β″-(ET)2(SF5CH2CF2SO3), which is the other ambient pressure superconductor studied by other groups [34]. Inhomogeneous charge distribution is evidenced from x-ray structural analysis and vibrational spectroscopy [72,73]. Although the chemical composition is 2:1, the ratio between molecule and holes in the repeat unit is M:H = 4:2. The configuration of the inter-molecular distance in one column takes [sL] and the configuration in the neighboring column is [s′L′]. The configuration in the repeat unit is expressed as [sL]/[s′L′]. In this configuration, the number of all (stable) charge distributions is ND = 6 (NSD = 2) and the number of the second (third) stable distribution is 1. Therefore, the conditions of 1< NAD < ND is realized. β-(ET)2(ReO4) is the pressure induced superconductor, which was reported about 30 years ago [6]. Because this compound does not belong to M:H = 2:1 but to M:H = 4:2, the same scenario as β″-(ET)4Pt(CN)4·H2O is expected to be applied to the insulator-superconductor transition under pressure. Recently, our group have started to study the vibrational spectra of β-(ET)2(ReO4). The charge sensitive ν2 mode exhibits peak separation. The frequency of the ν2 mode at the ionic molecule is ~1526 cm-1, which corresponds to ρ ~ 0.4. The peak separations in the charge sensitive mode suggest the CO state is observed under ambient pressure [74]. From the viewpoint of the energy level in the charge distribution, for the configuration of the inter-molecular distance of Group “(b2)” it is advantageous to realize the condition of 1 < NAD < ND. Indeed, new ambient pressure superconductors reported in reference [37] satisfy the above concept. Therefore, it is of considerable importance to synthesize molecular conductors of large NAD.

The insulator-superconductor transition under hydrostatic pressure for β−(meso-DMBEDT-TTF)2PF6 has also been studied from the viewpoint of the charge fluctuation [75,76]. Although the time-averaged charge distribution around the SC phase has not been confirmed, the charge distribution in the CO state has been obtained. The inter-molecular distance between the ionic and neutral-like molecules along the stacking direction is the shortest, and the inter-molecular distance between the ionic and neutral-like molecules along the transverse direction is also short [77]. We can surmise that the charge distribution is ascribed to the nearest neighbor Coulomb interaction solely in the same way as for the β″-type ET salts. However, the transfer integral at the shortest inter-molecular distance is the largest; in other words, the 2D layer consists of a “dimer” [77]. This structural property is significantly different from the transfer integral network in the β″-type ET salts. Furthermore, the transfer integral along the transverse direction above is described as non-negligibly large [77]. These structural properties do not satisfy the requirement of “(a1)” in section 2. In order to examine the time-averaged distribution under hydrostatic pressure, bond alternation as well as the nearest neighbor Coulomb interaction, V, should be taken into consideration. Nevertheless, a β−type molecular conductor can be regarded as one of the good model compounds bridging the SC transitions between β″- and κ-type ET salts because the 2D structure is intermediate between these groups. Interestingly, the charge sensitive mode under pressure does not show the doublet but the broad peak, and the frequency of the peak center is identical to that at ρ = 0.5 [75]. This behavior is consistent with those of the κ-type ET salts rather than the behavior in the charge sensitive mode of the β″-type ET salts [78]. The observation of the broad peak indicates competition in charge distributions required between bond alternation and nearest neighbor Coulomb interaction. The author believes that it is an important task to obtain a relationship between ND, NAD and NSD based on detailed analysis of both V and the bond alternation in the dimer system. For this purpose, it is necessary to use the model compound whose V and transfer integrals around the SC phase can be analyzed experimentally. Unfortunately, the doublet of the charge sensitive mode at ambient pressure does not continuously changed into the broad peak at ρ = 0.5. This result indicates that the time-averaged distribution is significantly different from the distribution in the CO state. Prior to discussing the charge fluctuation in the β- and κ-type molecular conductors, it is necessary to use the model compound whose relationship between V and the bond alternation around the SC phase has been confirmed. As described in “(a1)” in Section 2, a group of [Pd(dmit)2] salts is one of the candidates for the model compound.

The CO state of β″-(DODHT)2PF6 undergoes SC state under high pressure (13.2 kbar) [79]. However, it should be noted that this compound has never belonged to the β″-type structure. As shown in Figure 1 in reference [79], the stacking direction is not perpendicular to the transverse direction, the transfer integral along the transverse direction is comparable to one of diagonal direction, etc. Such a transfer integral network is identical to those of the θ-type and α-type structures. The difference between the θ-type and α-type structures and this compound merely lies in whether or not the 2D layer is of a herringbone structure. Therefore, it is worth nothing that the results of β″-(DODHT)2PF6 are comparable with those of the β″-ET salts from the viewpoint of charge distribution. The charge distribution should be discussed from the viewpoint of the CO state in the θ-type and α-type salts. As for the θ-type ET salts, several kinds of charge distribution have been proposed; diagonal stripe, horizontal pattern, vertical stripe, etc. [80,81,82,83]. The charge distribution at ambient pressure is shown in reference [84]. The charge distribution of β″-(DODHT)2PF6 can be regarded as diagonal stripe, which is consistent with that of monoclinic θ-(ET)2TlZ(SCN)4 [59]. In both compounds, the bond alternation has occurred along the diagonal direction. This observation indicates that not only the nearest neighbor Coulomb interaction along the stacking direction but also bond alternation along the diagonal direction plays a non-negligible role in the charge distribution [10,11,83,85]. This result suggests that the time-averaged charge distribution around the SC phase should be carefully discussed because both V and the bond alternation contribute to the charge distribution. According to theoretical reports, indeed, the charge distribution in the herringbone structure is very sensitive to a subtle change in the inter-molecular interaction [80,81,82,83]. In this sense, the detailed observation of the degree of charge fluctuation along with the time-averaged distribution should be required. Nevertheless, the author believes that this compound is still useful for the following reasons. The rotational degree of freedom is lost in the 2D layer owing to the lack of the herringbone structure. Since the molecules cannot be rotated in the 2D layer, the inter-molecular interactions exhibit a straightforward response to the hydrostatic pressure and the uniaxial pressure. Therefore, experimental and theoretical study on β″-(DODHT)2PF6 will contribute to the interpretation in the SC transition of the θ-type ET salts.

According to the pressure-temperature phase diagrams of β−(meso-DMBEDT-TTF)2PF6 and β″-(DODHT)2PF6, the CO phase undergoes the SC phase with increasing pressure. Although these phase diagrams seem to be consistent with that of the β″-type ET salts, details of the charge fluctuated states are different from each other. In most of the β″-type ET salts, both the charge fluctuated state and the CO state are ascribed to the configuration of the inter-molecular distance. Each area in the phase diagram is specifically defined from the nearest neighbor Coulomb interaction. On the other hand, the bond alternation can not be negligible in the charge fluctuated states of β−(meso-DMBEDT-TTF)2PF6 and β″-(DODHT)2PF6. It is interesting to examine whether or not an additional sub-phase is intercalated between the CO and SC states. The experimental study on filling the gap between SC and CO states will be the task of the future in the field of molecular conductors.

In conclusion, the degree of the charge fluctuation of β″-type ET salts is defined as Δρ; the difference in the time-averaged molecular charge between ionic and neutral-like sites. The conducting behavior of the β″-type ET salts correlates with Δρ. The superconducting phase is characterized as small but finite Δρ. The degree of charge fluctuation depends on the relationship between NSD, NAD and ND. Therefore, the relationship between conducting behavior and inter-molecular interaction in the β″-type ET salts is simple when compared with other organic superconductors. This simple relationship will contribute to constructing a new pairing mechanism.
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