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ABSTRACT 

 

Low-dimensional organic solids have emerged in the last century as a result of the rapid 

development of chemical technology and a quest for high-temperature superconductivity. It 

became apparent quite early that their physical properties were characterized by strong 

anisotropy and the ground state depended on the complex electron-electron and electron-fonon 

interactions as well as the details of the molecular structure. This review is focused on optical 

properties of organic conductors. In particular, some properties related with localization of 

charge are revealed in selected experiments on low-dimensional organic materials. 
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1. Introduction 

Since their early days, people have been searching for useful materials with characteristics desired 

at a given stage of civilization development. Subsequent discoveries were made at irregular intervals, 

until the last century, when the rapid development of chemical technology made it possible to synthesize 

solids with previously unknown, unique properties. Many new organic materials appeared then, such as 

polymers, fullerenes, carbon nanotubes and graphene, as well as organic low-dimensional 

semiconductors and conductors. It became apparent quite early that their physical properties were 

characterized by strong anisotropy and the ground state depended on the complex electron-electron and 

electron-fonon interactions as well as the details of the molecular structure. They exhibit a number of 

properties that are important from the point of view of applications, such as high electrical conductivity, 

metal-insulator phase transition, magnetic order and superconductivity, which can be modified by small 

modifications of external parameters: temperature, pressure, magnetic or electric field. Low-

dimensional organic materials have rather poor mechanical properties but the inexpensive synthesis and 

simplicity of obtaining new materials by chemical modifications of the existing ones is their undoubted 

advantage. Therefore, the possibilities of applications in modern industry are still being sought for them 

[1]. On the other hand, due to the unique opportunity for testing theoretical models describing various 

ground states under conditions of reduced dimensionality, these materials raise unwavering interest of 

researchers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Layered BEDT-TTF structure shown on the example of the β-(BEDT-TTF)4[(H3O) Fe(C2O4)3]·Y salt. 

BEDT-TTF molecules are marked with the light color (Adapted with permission from [101]. Copyright 2013 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). 

 A historically important stimulus for the development of this field of low-dimensional organic 

conductors was the work of W. Little, who suggested the possibility of obtaining high-temperature 

superconductivity in this group of materials [2]. The intensive search initiated in this way led to the 

discovery of the first organic superconductors (TMTSF)2PF6 at the increased pressure [3] (TMTSF = 

tetramethylotetraselenafulvalene), and (TMTSF)2ClO4 with the temperature of transition to the 

superconducting phase at normal pressure Tc = 1.4 K [4]. The present work is concerned with another 

family of organic conductors characterized by superconducting properties, the two-dimensional (2D) 

materials based on the flat BEDT-TTF (bis (ethylenedithio)tetrathiafulvalene) donor molecule or its 

derivatives [5]. In these salts, conducting donor layers are arranged alternately with non-conducting 

anion layers (Fig. 1), and delocalization of charge carriers within the conducting layers is due to the 
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overlap of partially filled π molecular orbitals of the donor molecules. Increased electrical conductivity 

occurs in the direction of the largest overlap, and the filling of the conducting band depends on the 

charge transferred between the donor and acceptor molecules. In particular, the salts with the general 

formula (BEDT-TTF)2X, where X is a charge compensating ion, and the formal ¼ band filling in the 

hole conductivity description, have been of interest since many years. The ground state in these model 

conducting systems depends on the subtle balance of several factors, including the most important 

Coulomb interactions U between charge carriers localized on the same donor molecule or V between 

adjacent donor molecules [5-7], that are strong in comparison with the width of the conducting band. In 

strongly dimerized systems with effective ½ band filling, the interactions of unpaired spins lead to the 

stabilization of the insulating dimer Mott (DM) state (Fig. 2) or superconductivity (SC) [8]. Here, a 

model example is the κ-(BEDT-TTF)2Cu[N(CN)2]Br superconductor with the temperature of transition 

to the superconducting phase Tc = 11.6 K, the highest in this group of materials [9,10].  

 

 

 
Figure 2:  Schematic view of the insulating dimer Mott (DM, left) and charge ordered (CO, right) states. The 

molecules are illustrated with the black dots, the dimers - with the thickened line segments between molecules. 

The localized electric charge is shown with grey color. 

 On the other hand, in weakly dimerized (BEDT-TTF)2X salts the insulating ground state 

with charge order (CO) is observed (Fig. 2) [11-13]. The CO state is related with the presence 

of significant Coulomb V interactions and is intensively studied because of the possible 

connection with the appearance of superconductivity in this group of materials [14]. Recently 

it has been shown, both theoretically and experimentally, that in some (BEDT-TTF)2X salts the 

charge ordered state, which is sometimes dynamic in case of so-called charge fluctuations, 

coexists with the insulating Mott state [15-19]. Such electric dipoles within dimers can result 

in the appearance of electronic ferroelectricity (FE) [20-22]. They are also related with the low 

temperature stabilization of the Quantum Dipole Liquid (QDL), recently demonstrated in case 

of the Mott insulator κ-(BEDT-TTF)2Hg(SCN)2 [23]. This exotic state of matter associated with 

the presence of electric dipoles fluctuating to the lowest measurable temperatures may coexist, 

in the presence of charge and spin coupling, with Quantum Spin Liquid (QSL), which was 

observed in case of two other materials of this group, κ-(BEDT-TTF)2Ag2(CN)3 and κ-(BEDT-

TTF)2Cu2(CN)3 [24,25]. 

Although the knowledge of ground states in low-dimensional organic conductors has recently 

expanded not all issues have been clarified. One of the questions is the role of structural disorder, which 

can be present in the (BEDT-TTF)2X salts both in the anion and the conducting donor layers [26,27]. 

An important direction of research is also the search for new materials with useful properties, composed 

of different molecules than those used so far. For example, molecules containing magnetic ions [28-30] 

or chiral molecules [31] are used in synthesis to obtain multifunctional materials. Nevertheless, further 

development of organic conductors requires a thorough understanding of the role of all interactions 
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affecting the physical properties of the material and involved in phase transitions. Current directions in 

the field of organic conductors with two-dimensional structure are shown in the diagram below (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3:  Research directions in the field of 2D organic conductors: dimer Mott (DM) insulator, charge ordered 

(CO) insulator, superconductivity (SC), quantum spin liquid (QSL), electron ferroelectricity (FE), quantum dipole 

liquid (QDL), magnetism, chirality, (structural) disorder. Red frames denote issues that are relevant to the research 

presented in this work. 

 

 This review of selected studies performed using optical spectroscopy methods is a contribution to 

this area of research. Optical spectroscopy is a microscopic research tool providing precise information 

on the electronic structure as well as on the local electron-electron and electron-phonon interactions in 

a material. In particular, the middle-infrared spectra allow determination of the energy gaps and transfer 

integrals, which are responsible for electrical conductivity of the system. At the same time, the charge 

distribution on molecules can be determined from vibrational spectra. 

 

2. Optical properties of organic conductors 

 The physical properties of low-dimensional organic conductors can be described in a convenient way 

using the Hamiltonian proposed by J. Hubbard in 1963 [32], which is a simplified model used for 

systems characterized by a single, narrow conductivity band near the Fermi surface. This model 

correctly describes metallic states, metal-insulator phase transitions and magnetic properties of low-

dimensional systems. In its simplest form, the Hubbard model considers only the hopping (transfer) 

integral t, which is a measure of kinetic energy of the charge carriers, and the Coulomb U interaction 

between charge carriers on the same lattice site. 
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Figure 4:  Schematic representation of a one-dimensional chain of lattice sites with quarter filling, with the most 

important interactions labeled as follows: t - the transfer integral, U (top row) - Coulomb interactions on the same 

site, V (bottom row) - Coulomb interactions between adjacent sites. 

More useful formula takes into account a term related to Coulomb repulsion V between electrons on the 

neighboring lattice sites as it is very important from the point of view of stabilization of the charge 

ordered state [33-35]: 

 

(1) 

where i and j define network sites, <ij> means a pair of network sites, σ is a spin parameter assuming 

the values ↑ and ↓, t<ij> is the hopping integral defined for a pair of lattice sites, ni,↑ and ni↓ are particle 

number operators, c†
i,σ and ci,σ are creation and annihilation operators, respectively. The hopping integral 

t is a function of intermolecular distances of rij and mutual orientation of molecular orbitals. In case of 

organic conductors, t is a value of the order of 100 meV [36] decreasing exponentially with the increase 

of rij, and the Coulomb interactions U and V are about an order of magnitude larger [5], while V ~ 1/ rij. 

The physical sense of Hubbard model parameters in relation to a one-dimensional chain of evenly 

distributed molecules with the quarter filling of the conducting band is shown in Figure 4. 

Let us consider the case of the Hubbard model for V = 0. Such a system is a metal in the limiting 

case U = 0. In the second limiting case U >> t, the electric charge is located evenly on the lattice sites. 

Such a ground state is called the Mott insulator and depends on the band filling; it appears in systems 

with ½ band filling characteristic for dimerized systems (Fig. 2). If the Coulomb repulsion V is 

significant that takes place in weakly dimerized systems with ¼ band filling, electrons become localized 

in the insulator state on every second lattice site in the charge ordered state (Fig. 2). 

 

a. Electronic excitations 

In classical metals the metallic state is described by the Drude model, in which it is assumed that 

electrons do not interact with each other and move freely according  to Newton’s laws until they scatter 

from the lattice and impurities. Considering no Coulomb interactions in the system (U = 0), there is only 

one band at Fermi level related to free charge carriers described by the Drude function, with Density of 

States (DOS) concentrated around the maximum of this band. The optical conductivity spectrum of such 

a metal consists of one Drude peak at frequency ω = 0 (Fig. 5, left). In the Hubbard model, 
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            Metal U=0                    Organic metal U>0            Mott insulator U>>0 

Figure 5:  Density of states (DOS) and corresponding spectra of optical conductivity for metal (left), organic 

conductor (center) and Mott's insulator (right) described by the Hubbard model. U denotes Coulomb interaction 

on the same lattice site, while W - bandwidth (after Rozenberg et al. [37]). 

the density of states for organic metal consists of a similar band at the Fermi level and two Hubbard 

bands separated by an energy gap of the width U. In such a system, in the optical conductivity spectrum 

in addition to the Drude peak there is a wide band at frequency U called the Hubbard band, associated 

with the transition between the two Hubbard bands in DOS. It is also possible that an additional band 

appears for the frequency U/2 related to the transitions between the Hubbard bands and the middle band 

of free charge carriers (Fig. 5, center) [37]. In the case of Mott insulator, there are only two Hubbard 

bands in the density of states for the Hubbard model, so the transitions between them generate one 

absorption band for the frequency U in the optical conductivity spectrum (Fig. 5, right) [37]. 

In real materials with 1/4 band filling, which are more or less dimerized, HOMOs (High Occupied 

Molecular Orbitals) of single molecules form dimer orbitals, which are subject to splitting into bonding 

and anti-bonding orbitals. This leads to the appearance of the dimer band, an additional absorption band 

in the middle infrared, which is due to the electronic transition within the dimer between the energy 

levels of the bonding and anti-bonding orbitals (Fig. 6) [38-40]. Electron correlations do not influence 

the dimer band; it usually appears in the spectrum at a slightly higher frequency than the Hubbard band 

related with correlations, which frequency allows estimation of the effective Coulomb U interaction on 

the dimer. The shape of the spectrum strongly depends on the degree of dimerization. In weakly 

dimerized systems both the Hubbard and the dimer bands form a single band shifted towards lower 

frequencies below 2500 cm-1. On the other hand, in the case of strong dimerization the dimer band is 

shifted significantly above the Hubbard band, with the maximum located at the frequency corresponding 

to doubled value of the transfer integral tD in the dimer [18]. 
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Figure 6:  The optical conductivity spectrum of dimer Mott insulator (left). Two components of the electronic band 

observed in medium infrared are shown: the Hubbard band associated with charge transfer between dimers and 

the Dimer band associated with charge transfer within the dimer. In the figure, the most important parameters are 

identified: energy gap Δ, frequency in the maximum of the Hubbard band ωHmax, which value is determined by the 

value of Coulomb U interactions, its half width ωHmax-ωH1/2, which corresponds to the bandwidth W, and also the 

frequency in the maximum of the dimer band ωDmax, which in strongly dimerized systems corresponds to the value 

2tD, where tD is the transfer integral within the dimer. A simplified diagram of electronic transitions between the 

dimer bonding and anti-bonding orbitals related to the Dimer band (EDimer), and Hubbard band (EHubbard) is shown 

on the right. 

The charge order insulating state occurs in correlated materials with significant Coulomb V 

interactions. It does not depend on the dimensionality of the system, and, unlike Mott insulator, it is not 

associated with any characteristic electronic response in the middle infrared. The shape of the electronic 

band in this case depends on the arrangement in the structure of charge-rich and charge-poor molecules, 

which can form stripes (vertical, horizontal or diagonal) or checkerboard [41,42]. Characteristic 

electronic bands related to CO or CO fluctuations may appear in the far infrared spectra [43,44], but 

such studies go beyond the subject matter of this paper. Very characteristic for the CO state are specific 

vibrational bands with frequency depending on the charge localized on the oscillating molecule. They 

are discussed in detail in the next subsection. 

 

b. Charge-sensitive vibrational modes 

In infrared spectra of (BEDT-TTF)2X salts, in addition to electronic bands associated with charge 

transfer, relatively strong bands are observed, mostly related to intramolecular vibrational modes of the 

BEDT-TTF donor molecule. Some of the modes are normally infrared active due to their symmetry. 

Other features, related to totally symmetrical vibrations that in the case of isolated molecules can be 

observed only in the Raman spectra, in organic conductors appear in the infrared spectra due to the 

coupling with charge transfer, the so-called electron-intramolecular vibration (EMV) coupling, as strong 

broadened bands shifted towards lower frequencies in comparison with the frequency of a corresponding 

mode in the Raman spectrum. EMV coupling is due to the fact that some vibrations dynamically 
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modulate the energy of molecular HOMOs and may therefore affect the charge transfer between 

molecules in the conducting layer. Such a coupling within the dimer results in the formation of an 

oscillating dipole [45], the phenomenon explained on the basis of the dimer model [46].  It is the 

centrosymmetric out-of-phase vibrations of the dimer components that are subject to EMV coupling 

according to the model. For each fully symmetrical mode the coupling effect depends on its electron-

intramolecular vibrations coupling constant. In case of BEDT-TTF donor molecule particularly strong 

coupling is observed for a stretching mode labeled as ν3 in D2h symmetry, mainly involving the central 

double C=C bond (Fig. 7). The downshift of the ν3 band in the infrared spectrum in relation to its 

frequency in the Raman spectrum strongly depends on the transfer integrals in the nearest vicinity of the 

oscillating molecule [47]. Therefore, the frequency of ν3 depends on local structure and can be used to 

study phase transitions in the material. 

 ν3 mode and two other stretching vibrations of the double C=C bonds are also sensitive to the charge 

localized on the BEDT-TTF molecule. This is a result of the dependence of the C=C bond length on the 

charge [48]. The bond lengths can be determined based on structural studies, but the value of the charge 

estimated by this method is subject to an error of the order of 0.1e, or even larger than that in case of 

materials with structural disorder [49]. Moreover, X-ray examinations give results averaged over the 

whole sample. In fact, a much more accurate method that allows estimation of charge localized on the 

molecule is the observation of bands of appropriate molecular vibrations in the infrared (IR) and Raman 

vibrational spectra. Due to the frequency range of vibrational spectroscopies, this method is microscopic 

and can be used to study not only the long-range charge arrangement, but also local fluctuations 

accompanying phase transitions [50]. If all donor molecules in a BEDT-TTF-based salt are equivalent, 

the charge on each donor molecule is the same and a single intramolecular mode results in one band 

observed in vibrational spectrum. A different situation occurs in the charge ordered state when the 

charge on molecules is distributed unevenly. In such a case there are molecules rich in charge (R) and 

molecules poor in charge (P) in the structure, and a selected vibrational mode is split into two 

components. If the charge in the system fluctuates around certain value, then instead of splitting, the 

bands broadened according to the rate and amplitude of the fluctuation are observed. Two components 

of such a band can be separated using the "two-states-jump-model" model proposed by Kubo [51]. 

 Considering flat D2h symmetry for  BEDT-TTTF molecule characterized by three double C=C bonds, 

there are three stretching vibrations involving these bonds, two totally symmetric modes ν2 (Ag) and ν3 

(Ag) observed in Raman's spectra, and unsymmetrical (ungerade) infrared active ν27 (B1u) mode (Fig. 7), 

that display splitting in the CO state. It was shown that frequencies of these three modes decrease 

significantly between the neutral and charged molecules [52,53], but the two Ag modes are also involved 

in EMV coupling making the picture more complicated. The ν2 mode observed in Raman spectra is only 

slightly disturbed by EMV coupling; the dependence of its frequency on charge is linear for a wide range 

of charges, therefore the ν2 band can be used to study CO states. On the other hand, the ν3 mode is so 

much coupled with the electrons that its splitting in the CO state is determined by the EMV coupling 

rather than by the fractional charge. ν3 may also influence the ν2 mode components in the crystal network 

conditions [54]. The theoretical calculations of the ν2 and ν3 frequencies for a particular structural unit, 

such as tetramer [54] or stacks of differently charged molecules (Fig. 7) [50], show that the frequency 

ν3P for a charge-poor molecule is disturbed and corresponds to an average charge of 0.5e [54]. The 

frequency of the ν2R band usually differs from the linear dependence for Δ > 0.2, but this effect depends 

on the magnitude of the interactions characteristic for a given structure. For larger Δ, 
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Figure 7:  On the left: stretching vibrations of BEDT-TTF molecules in D2h symmetry observed in Raman (ν2 and 

ν3) and in infrared spectra (ν27). Stretching of the central double C=C bond gives a small contribution to the ν2 

mode, and stretching of the lateral C=C bonds a small contribution to the ν3 mode. On the right: the frequencies of 

ν2 and ν3 components of charge-rich (ν2R, ν3R) and charge-poor (ν2P, ν3P) molecules as a function of charge 

difference Δ =  R - P (R denotes charge of the molecule rich in charge, P - charge of the molecule poor in 

charge) calculated for the β-type structure with differently charged stacks of BEDT-TTF molecules (after 

Girlando et al. [50]). 

the so-called "avoided crossing" effects cause distortion of both ν2R and ν3P dependencies on charge (Fig. 

7). The ν2P frequency for a molecule poor in charge is undisturbed (Fig. 7), but its band in the Raman 

spectrum is rather weak. In order to calculate the charge based on the ν2 mode components, we use a 

linear relationship (in cm-1) [54]: 

 

(2) 

 

 The best spectroscopic probe of charge localized on the molecule is the ν27 mode, which is normally 

infrared active and not involved in EMV coupling. The dipole moment associated with this vibration is 

parallel to the long axis of the BEDT-TTF molecule [55,56], therefore the ν27 band can be observed in 

most materials in the direction perpendicular to the best developed plane of the single crystal. Such 

experiment involves a difficulty of  probing a narrow side wall of the sample. In order to calculate the 

charge based on the ν27 band components, we use the linear relation (in cm-1) [54]: 

 

(3) 
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3.  Materials and research methodology 

 This review is focused on three families of organic conductors. All these materials are characterized 

by the presence of conducting two-dimensional donor layers. 

a. κ-(BEDT-TTF)2X salts 

Several well-known organic superconductors crystallizing in the κ-phase (table below) were selected 

for measurements of vibrational spectra in strong magnetic fields (see table below). These salts are 

characterized by the highest temperatures of superconducting phase transition in this group of materials.  

Formula        Critical temperature             Reference 

κ-(BEDT-TTF)2Cu(SCN)2,      Tc = 10.4 K                   [57] 

κ-( BEDT-TTF)2Cu[N(CN)2]Br,    Tc = 11.6 K            [9] 

κ-( BEDT-TTF)2Cu[N(CN)2]Cl,    Tc = 12.8 K under pressure 0.3 kbar    [58] 

In the conducting layer of the κ type there are no clearly distinguished stacks of BEDT-TTF molecules, 

as it is formed by orthogonally arranged, interacting dimers (Fig. 8). 

 

 

 

 

 

 

 

 

 

Figure 8:  Conducting κ-type layer (a), and layered structure of the κ-( BEDT-TTF)2Cu[N(CN)2]Br salt (b). 

  

(b) (a) 
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Two of the materials were κ-(BEDT-TTF)2Cu(SCN)2 salts with isotopic substitutions in the BEDT-TTF 

donor molecule. Deuterium, carbon 13C and sulfur 34S atoms were used for substitutions, as shown below 

in Fig. 9. 

 

 

 

 

 
                           BEDT-TTF 

 

 

 

 

 

                13C(6)-BEDT-TTF 

 

 

 

 

 

                D(8)13C(4) 34S(8)-BEDT-TTF 

Figure 9:  Molecular structure of BEDT-TTF (top) and two other variants with isotopic substitutions: 13C(6)-

BEDT-TTF (middle) and D(8)13C(4)34S(8)-BEDT-TTF (bottom). 

 

 

 

 

 

 

 

 

Figure 10:  A diagram of the magnetic field experiment together with a photograph of the sample mounted for 

reflectance spectra acquisition that is a mosaic of monocrystals glued to a metal substrate with a diameter of 9.5 

mm. 

The measurements were performed at the National High Magnetic Field Laboratory in Tallahassee, 

USA, using infrared reflectance spectroscopy in magnetic field. Figure 10 shows a simplified diagram 

of the experimental setup with a probe placed in the magnetic field, and a mosaic sample with a diameter 

of 9.5 mm. The measurements were performed at the temperature 4.2 K, in the frequency range 30-2500 

cm-1 and magnetic fields 0-17 T. The magnetic field was perpendicular to the conducting plane of the 

sample. 
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b. β- and β-phase BEDT-TTF salts 

In BEDT-TTF salts crystallizing in the β-phase, the conducting layers are composed of stacks of 

regularly arranged donor molecules with planes inclined in respect to the column axis. Due to the 

presence of short sulphur-sulphur contacts between the columns, the interactions have a two-

dimensional character. The majority of materials of this group have conducting band filled in ¼ and 

exhibit metallic conductivity at room temperature [59]. Due to the small dimerization, the insulator state 

is usually related with charge ordering [60]. On the other hand, the β-type packing is characterized by 

dimerized stacking of BEDT-TTF molecules and mostly one-dimensional interactions within the 

conducting plane. 

 

 

 

 

 

 

 

 

 

 

Figure 11:  The large organic anion variants used in synthesis of salts with the general formula (BEDT-

TTF)2R1R2SO3. 

β-(BEDT-TTF)2SF5CHFCF2SO3, β-(BEDT-TTF)2SF5CHFSO3, β-(BEDT-TTF)2SF5CH2SO3, 

β-(BEDT-TTF)2CF3CH2SO3 and β-(BEDT-TTF)2CF3CF2SO3 belong to the family of BEDT-TTF-

based materials with organic anions that incorporate a sulfonic R-SO3 group (Fig. 11). These discrete 

anions are easy to modify chemically. They also form numerous hydrogen bonds with the ending 

ethylene groups of the BEDT-TTF donor molecule in the conducting layer, which can be important for 

the stabilization of a specific ground state in the material [61,62]. Numerous salts of this group were 

synthesized as a result of the search for superconductivity, after discovering in 1996 the β-(BEDT-

TTF)2SF5CH2CF2SO3 conductor that develops a superconducting state at 5.2 K [63]. In later studies it 

was suggested that superconductivity in this material is related to the presence of charge order 

fluctuations [12,14,45]. The β-(BEDT-TTF)2SF5CHFCF2SO3 and β-(BEDT-TTF)2SF5CHFSO3 salts 

that exhibit metallic properties at room temperature, share a similar structure with the β-(BEDT-

TTF)2SF5CH2CF2SO3 superconductor. In contrast, two isostructural salts β-(BEDT-TTF)2SF5CH2SO3 

and β-(BEDT-TTF)2CF3CH2SO, together with the β-(BEDT-TTF)2CF3CF2SO3 dimer Mott insulator 

displays low electrical conductivity in the whole temperature range (Fig. 12) [61,64]. 
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Figure 12:  Structural details of selected BEDT-TTF salts with tunable organic anion. (a) Conducting layer, and 

(b) packing pattern of the anion layer of β-(BEDT-TTF)2CF3CH2SO3 (Reprinted with permission from [65]. 

Copyright 2009 Royal Society of Chemistry); (c) packing diagram and (d) conducting layer of β-(BEDT-

TTF)2CF3CF2SO3 (Reprinted with permission from [64]. Copyright 2020 American Physical Society). Note that 

sulfur atoms in two independent BEDT-TTF molecules, A and B, are marked in yellow and orange colors, 

respectively in (b) and (c) panels. 

 

 

 

 

 

 

 

 

 

 

Figure 13:  Packing diagram of β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·Y (CCDC Ref. 771733), where Y denotes a 

solvent molecule: bromobenzene, fluorobenzene or benzonitrile (shown in the bottom). 

 The β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·Y salts, where Y = C6H5Br, (C6H5CN)0.17 (C6H5Br)0.83, 

(C6H5CN)0.4(C6H5F)0.6, were synthesized in the search for bifunctional materials combining magnetic 

(a) 

(c) 
(d) 

(b) 
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properties with superconductivity [28-30]. The characteristic feature of these materials is the anion layer 

based on complex tris(oxalato)ferrate anions forming a hexagonal honeycomb structure with neutral 

molecules of solvent placed in the open spaces (Fig. 13). These materials exhibit metallic properties and 

superconductivity at low temperature [66-70], and the size and character of the solvent molecule [67,71-

73] have a major influence on the stabilization of a particular ground state. All investigated materials 

are superconductors at low temperature (Tc = 4 - 6 K) and show structural phase transition in the 

temperature range 160 - 230 K [69,70,74]. A packing diagram of the β-(BEDT-

TTF)4[(H3O)Fe(C2O4)3]·Y material is shown in Figure 13, together with solvent molecules used in 

synthesis.  

 

c. Salts of chiral tetrathiafulvalene derivatives 

Another route to develop new low-dimensional organic conductors is the introduction of chirality 

through the use of chiral tetrathiafulvalene derivatives as donor in the synthesis [31]. Figure 14 shows 

chiral EDO-(S,S)-DMEDT-TTF (ethylenedioxy-(S,S)-dimethylethylene-dithio-tetrathiafulvalene) molecule that 

has been used in synthesis and molecular structure of the chiral τ-(EDO-(S,S)-DMEDT-

TTF)2(AuBr2)(AuBr2)y salt. Asymmetrical donor molecules are usually arranged in the "head-tail" 

manner in the structure, and such a procedure allows to obtain new structural variants, new properties 

and, in general, multifunctional materials. Recently in two materials of this group, ((S,S)-DM-EDT-

TTF)2ClO4 and ((R,R)-DM-EDT-TTF)2ClO4, (DM-EDT-TTF=dimethyl-ethylenedithio-

tetrathiafulvalene), a unique effect of magnetochiral anisotropy have been discovered [75]. 

 

 

 

 

 

 

 

Figure 14:  Chiral donor EDO-(S,S)-DMEDT-TTF molecule (on the left) and conducting layer (on the right) of τ-

(EDO-(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y (Reprinted with permission from [78]. Copyright 2000 The 

American Physical Society). 

Several materials varying in the structure of the conducting layer, have been investigated. τ-(EDO-

(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y, where y ≈ 0.75, crystallizes in the tetragonal system, the so-

called τ-phase [76,77]. Donor molecules EDO-(S,S)-DMEDT-TTF are arranged orthogonally in the unit 

cell and form a network in the conducting plane with short contacts S···S and O···O (Fig. 14). 

Significant charge transfer occurs between molecules at 90º angle to each other [79]. A characteristic 

feature of the material is a non-integer value y ≈ 0.75, related with the presence of partially disordered 

AuBr2 ions between the conducting layers [79]. τ-(EDO-(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y, with y 
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≈ 0.75 is metallic to low temperatures [79]. Magneto-resistance studies suggested a metal-insulator 

phase transition of unknown origin below 10 K [80]. 

 The family of chiral salts based on DM-EDT-TTF (Fig. 15(a)), has been recently developed and 

synthesized by N. Avarvari et al. through controlled introduction of chirality [81]. Utilizing donor 

molecules of different chirality, three salts containing PF6 anions were obtained, two based on pure 

enantiomers (S,S) or (R,R), and a third one containing their racemic mixture. Both pure enantiomer 

salts, ((S,S)-DM-EDT-TTF)2PF6 and ((R,R)-DM-EDT-TTF)2PF6, crystallize in the chiral space group 

P21 and are insulators due to the presence of differently charged donor molecules. On the other hand, 

the racemic (rac-DM-EDT-TTF)2PF6 salt crystallizing in the centrosymmetric P-1 group, is an organic 

metal at room temperature and shows a metal-insulator transition at 110 K [81] (Fig. 15(b)). The 

arrangement of donor molecules in (rac-DM-EDT-TTF)2PF6 resembles the β-type structure of BEDT-

TTF salts, with short contacts between fluorine atoms in the anion layer and ending groups of donor 

molecules in the conducting layer. The conducting evenly distributed stacks of donor molecules are 

observed along the (a-b direction) (Fig. 15(c)). These stacks interact with each other, resulting in 

significantly curved quasi-two-dimensional Fermi surfaces [81]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:  (a) Chiral DM-EDT-TTF donor molecule; (b) conducting layer and (c) temperature and pressure 

dependence of resistivity of (rac-DM-EDT-TTF)2PF6 (Reprinted with permission from [81]. Copyright 2013 

American Chemical Society). 
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4.  Results 

a. Magnetic field dependent vibrational modes in κ-(BEDT-TTF)2X salts 

This study was focused on those intramolecular vibrational modes that might be involved in the 

superconducting to normal state transition in κ-(BEDT-TTF)2X organic superconductors below the 

critical temperature. In particular, we have looked for the changes in bands that appear in the infrared 

spectra as a result of electron-intramolecular vibration coupling. Our motivation was related with a 

persistent discussion, both in the case of organic superconductors [82-84] and high-temperature 

conductors [85,86], on the possible contribution of the conventional mechanism of electron pairing 

involving coupling with the lattice to the stabilization of the superconducting state. Such a mechanism 

was earlier confirmed in the case of superconductors based on fullerene [87]. In the experimental setup 

magnetic field has been used to switch between superconducting and normal states in the κ-(BEDT-

TTF)2X salts that are characterized by critical fields of the order of a few T. The experiment was 

performed at constant temperature of 4.2 K, much lower than the critical temperature in the 

superconducting κ-(BEDT-TTF)2X salts. It was important from the point of view of optical 

spectroscopy, in which we struggle with local heating of the sample. The measurement concept is shown 

in the diagram in Fig. 16(a). 

 (a)          (b)              (c) 

 

 

 

 

 

 

 

 

Figure 16:  (a) Schematic diagram of the measurement concept. (b) Unpolarized reflectance spectra of κ-(BEDT-

TTF)2Cu(SCN)2 (critical field ~ 4.5 T) at 0 and 17 T, in the frequency range of the ν3 mode characterized by the 

largest change between the superconducting and normal states (Reprinted with permission from [88]. Copyright 

2003 The American Physical Society); c) Reflectance ratio spectra of κ-(BEDT-TTF)2Cu(SCN)2 at 17 T compared 

with the ratio spectra calculated for the gold reference (Au mirror). The reference  ratio spectra measured on the 

sample before and after the magnetic field sweep (0 T/0 T) reflect the noise level of the measurement. The double 

arrow indicates a 1% change of the reflectance value (Reprinted with permission from [88]. Copyright 2003 The 

American Physical Society).  

 Figure 16(b) shows unpolarized reflectance spectra of κ-(BEDT-TTF)2Cu(SCN)2 measured at the 

extreme values of magnetic fields, 0 and 17 T, in the frequency range corresponding to the totally 

symmetric C=C stretching v3 mode that is characterized by the largest electron-molecular vibration 

coupling constant and therefore the most sensitive to phase transitions [88]. Observed modifications of 

vibrational features under magnetic field are inherently small due to the scale of energy, therefore for 

the discussion of the results we use the reflectance ratio spectra calculated from the reflectance spectra 

averaged over multiple measurements for a selected value of magnetic field and a similarly obtained 

spectra typically measured in zero field. Figure 16(c) shows a clear effect observed for the ν3 band. 
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Figure 17:  Reflectance ratio spectra R(H)/R(0 T),  in the frequency range of 3, of regular and isotopically 

substituted κ-(BEDT-TTF)2Cu(SCN)2 as a function of magnetic field (regular on the left; 13C-substituted sample 

in the center panel;  deuterium, 13C and 34S-substituted sample on the right). The curves are offset for clarity, the 

top spectrum in each panel is calculated with 0 T results before and after the magnetic field sweep (Reprinted with 

permission from [90]. Copyright 2003 The American Physical Society). 

 

 

 

 

 

 

Figure 18:  (a) R(17 T)/R(0 T) ratio spectra in the frequency range of 3 for the three samples of κ-(BEDT-

TTF)2Cu(SCN)2: regular, 13C-substituted, and carbon 13C- and sulfur 34S-substituted. (b) Absolute value of the 

integrated intensity of the 3 feature observed in the ratio spectra (Fig. 18(a)) as a function of applied magnetic 

field. The vertical dashed line marks the location of the critical field Hc2 (Reprinted with permission from [90]. 

Copyright 2003 The American Physical Society). 

It is known that the isotope effect can be used to clarify the mechanism of superconductivity [89]. 

Following this idea, the samples of the κ-(BEDT-TTF)2Cu(SCN)2 superconductor with two variants of 

isotopic substitutions in BEDT-TTF molecule: 1) carbon 13C, 2) deuterium, carbon 13C and sulfur 34S 

(Fig. 9) have been investigated under magnetic field [90]. The deuterium/carbon/sulfur substitution is 

characterized by the critical temperature increased by about 0.2 K in comparison with the salt substituted 

only with carbon 13C or the regular material [89]. The reflectance ratio spectra of κ-(BEDT-

TTF)2Cu(SCN)2 and its isotopically decorated variants in the range of v3 are shown in Fig. 17 [90]. The 

magnetic field induced change in intensity of the v3 mode is revealed gradually with the increase of the 

magnetic field in case of all the examined samples, with the v3 profiles slightly differing in shape among 

different samples, in connection with isotopic substitutions [90]. To quantify the observed modifications 
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of the reflectance spectra, the intensity of the effect in the ratio spectra has been calculated as the area 

with respect to the horizontal base line over the frequency range shown in Fig. 18(a). The results of the 

calculations as a function of magnetic field demonstrate a correlation between the observed effect and 

the critical field Hc2 ~ 4.5 T (Fig. 18(b)) [90]. Below Hc2 we observe a clear linear dependence of 

intensity on the magnetic field. Above Hc2 the effect is partly saturated. In our study we have not 

observed any differences that could be ascribed to the isotopic effect with respect to the critical field.  

Optical measurements under magnetic field were also performed for two other κ-phase salts, the 

superconductor κ-BEDT-TTF)2Cu[N(CN)2]Br [9,91], characterized by the highest critical temperature 

Tc = 11.6 K and the largest critical field Hc2 ~ 6.5 T in this group of materials, and the antiferromagnetic 

insulator κ-(BEDT-TTF)2Cu[N(CN)2]Cl [58,92]. The aim of this study was to confirm the correlation 

between the effect observed earlier for the EMV-activated vibrational bands in κ-(BEDT-

TTF)2Cu(SCN)2, with critical field Hc2 and thus the superconducting state. Figure 19 shows R(H)/R(0 

T) reflectance ratio spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Br in the range of several totally symmetric 

BEDT-TTF vibrations activated in IR spectra by coupling with charge transfer: v4 (Ag) (left), v10 (Ag) 

(middle) and v13 (Ag) (right) [93]; here the vibrational modes are described in a more realistic C2h 

symmetry [94], in which the stretching C=C vibration most strongly EMV-coupled is denoted as v4 (v3 

in D2h). Changes as a function of magnetic field are observed in all the vibrational modes; it is suggested 

that they apply to all vibrations activated as a result of EMV coupling. 

  

 

 

 

 

 

 

 

 

 

Figure 19:  Reflectance ratio spectra R(H)/R(0 T) of κ-(BEDT-TTF)2Cu[N(CN)2]Br in the frequency range of the 

selected vibrational BEDT-TTF modes as a function of magnetic field: (a) 4 (Ag) (corresponds to the C=C 

stretching 3 mode in the D2h symmetry). (b) 10 (Ag), and (c) 13 (Ag); corresponding mode patterns in the C2h 

symmetry are schematically shown below. The curves are offset for clarity, the top spectrum in each panel is 

calculated with 0 T results before and after the magnetic field sweep (Reprinted with permission from [93]. 

Copyright 2005 The American Physical Society). 
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Figure 20:  (a) Comparison of the reflectance ratio spectra R(17T)/R(0T) in the frequency range of the totally 

symmetric C=C stretching 4 mode (3 in D2h symmetry) for κ-(BEDT-TTF)2Cu(SCN)2, κ-(BEDT-TTF)2 

Cu[N(CN)2]Br and κ-(BEDT-TTF)2Cu[N(CN)2]Cl. (b) Normalized integral area of the changes in the reflectance 

ratio shown in panel (a) for for κ-(BEDT-TTF)2Cu(SCN)2 and κ-(BEDT-TTF)2 Cu[N(CN)2]Br superconductors as 

a function of applied magnetic field, with dashed and solid vertical lines indicating Hc2 values, respectively. Lines 

connecting the data points are guide for an eye. Estimated error bars are also shown (Reprinted with permission 

from [93]. Copyright 2005 The American Physical Society). 

Figure 20(a) displays a comparison of the R(17T)/R(0T) spectra for κ-(BEDT-TTF)2Cu(SCN)2, κ-

(BEDT-TTF)2Cu[N(CN)2]Br, and κ-(BEDT-TTF)2Cu[N(CN)2]Cl [93]. In case of the κ-(BEDT-

TTF)2[N(CN)2]Cl salt, which is not superconducting in the measurement conditions, there are no 

characteristic changes of vibrational bands in the magnetic field, as expected. Thus, we suggest that the 

effect observed in reflectance spectra under magnetic field for the other materials is characteristic for 

the superconducting state. The intensity of the effect as a function of magnetic field shows a clear 

correlation with the critical field value, which is about 6.5 T for κ-(BEDT-TTF)2Cu[N(CN)2]Br salt 

(Fig. 20(b)) [93 ].  

In the summary of the investigations of intramolecular vibrational modes in the superconducting κ-

(BEDT-TTF)2X salts under magnetic field it should be emphasized that there is no reason to attribute a 

significant role in the transition to a superconducting state to the EMV coupling [45]. The observed 

effect is related to the change of the electronic structure, which is in this way revealed. 

 

b. Charge localization in the β- and β-phase BEDT-TTF salts 

 

i. β-(BEDT-TTF)2RCH2SO3 (R = SF5, CF3) salts: charge ordering 

β-(BEDT-TTF)2SF5CH2SO3 and β-(BEDT-TTF)2SF5CH2SO3 salts [61,65], display typical layered 

architecture, with BEDT-TTF molecules inclined at about 60° angle with respect to the stacking axis. 

There are two crystallographically independent BEDT-TTF molecules A and B in the conducting layer, 

which form ribbons connected by close contacts (Fig. 12(a)). The anions in these materials are dimerized 

due to the presence of hydrogen bonding (Fig. 12(b)). Both materials exhibit semiconducting properties 

down to the low temperature and significant charge disproportionation between molecules A and B, as 

suggested based on the bond lengths analysis [48,65]. Thus, the infrared reflectance and Raman spectra 

of the β-(BEDT-TTF)2RCH2SO3 salts has been investigated in order to provide more information on 

the origin of charge localization [65]. 
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Figure 21:  Raman spectra of β-(BEDT-TTF)2CF3CH2SO3 along the b (a) and c (b) axes (Reprinted with 

permission from [65]. Copyright 2009 Royal Society of Chemistry). 

Figure 21 shows Raman spectra of β-(BEDT-TTF)2CF3CH2SO3 as a function of temperature. The 

presence of the two ν2 mode components a1 and a2 centered at 1478 cm-1 and 1538 cm-1, respectively, 

indicates that differently charged BEDT-TTF molecules are present in the material over the entire 

temperature range. The charges estimated from the ν2 mode components are 0.2e and 0.8e, which is 

consistent with the values calculated from the bond lengths. A strong band marked as a5, which shifts to 

lower frequencies as temperature decreases, is another prominent feature observed in the Raman spectra. 

The band is attributed to a component of the ν3 mode that is strongly disturbed by EMV coupling and 

usually activated in the infrared spectra. Such observation indicates the existence of asymmetrically 

charged BEDT-TTF dimers in the structure [95]. 

 

 

 

 

 

 

 

 

Figure 22:  Polarized optical conductivity spectra of β-(BEDT-TTF)2CF3CH2SO3 (a,b) and β-(BEDT-TTF)2SF5 

CH2SO3 (c,d) at selected temperatures (Reprinted with permission from [65]. Copyright 2009 Royal Society of 

Chemistry). 

Selected optical conductivity spectra of β-(BEDT-TTF)2SF5CH2SO3 and β-(BEDT-

TTF)2SF5CH2SO3 polarized in two principal directions in the conducting plane are shown in Figure 22. 

They indicate the two-dimensional character of the interactions in the conducting plane as expected. In 
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both materials a wide, asymmetrical electronic band at 2000 cm-1 is observed. It increases its intensity 

during the temperature decrease; at the same time the low frequency edge becomes sharp and 

asymmetric, which indicates the presence of an energy gap. Vibrational features observed in the spectra 

of both materials below 1600 cm-1 are characterized by strong temperature dependence (Fig. 23 ). At 

room temperature few weak bands are observed, related to infrared-active anion modes, but with 

lowering the temperature strong BEDT-TTF modes activated as a result of EMV coupling (vibronic 

bands) are gradually emerging in the spectra. In particular, there are two characteristic ν3 mode 

components, which indicate both the presence of differently charged donor molecules in the material 

and lowering the symmetry of the system related with dimerization (Fig. 23). This kind of vibrational 

response may also indicate the presence of symmetrical tetrameters that consist of two asymmetrical 

dimers [96]. Although dimerization in β-(BEDT-TTF)2RCH2SO3 salts is present in the anionic layer in 

the whole temperature range, it is revealed in the optical conductivity spectra of the conducting layer 

below about 150 K, the temperature of ordering of the terminal ethylene groups of BEDT-TTF. 

Therefore, we suggest that dimerization in the β-(BEDT-TTF)2CF3CH2SO3 and β-(BEDT-

TTF)2SF5CH2SO3 salts occurs with the participation of hydrogen bonding between anions, and between 

anions and conducting BEDT-TTF layer [65]. 

Figure 23 (e) displays the room temperature optical conductivity spectrum of β-(BEDT-

TTF)2SF5CH2SO3 measured in a polarization perpendicular to the conducting plane, which allows to 

examine ν27 feature. In our case, the splitting of the ν27 mode components enabled the determination of 

the charges localized on the molecules A and B, to be 0.2e and 0.7e respectively [65]. In fact, a 

checkerboard CO pattern has been recently confirmed in this material [97]. 

 

 

 

 

 

 

 

 

 

 

Figure 23:  Close-up view of the optical conductivity spectra in the vibrational frequency range of β-(BEDT-

TTF)2CF3CH2SO3 ((a), (b)) and β-(BEDT-TTF)2SF5CH2SO3 ((c), (d)) as a function of temperature; spectra are 

offset for clarity. (e) room temperature optical conductivity spectrum of β-(BEDT-TTF)2SF5CH2SO3 in the 

interplane direction (Reprinted with permission from [65]. Copyright 2009 Royal Society of Chemistry). 
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ii. β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·Y salts: charge fluctuations 

The β-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y (M=magnetic ion, Y = solvent molecule) salts are known 

to display heterogeneous distribution of charge on the border of superconducting, metallic and insulating 

states [98]. Of interest here are salts with M=Fe and benzonitrile, bromobenzene and fluorobenzene 

solvent molecules (Fig. 13). β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·C6H5Br (abbreviated β-1) shows 

structural phase transition at 160-200 K and superconductivity near 4 K [69]. Studies by tunneling 

spectroscopy suggest the presence of a mixed superconducting-insulating state at low temperature in 

this material [99]. The other two materials, containing mixtures of benzonitrile with bromobenzene and 

fluorobenzene: β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·(C6H5CN)0.17 (C6H5Br)0.83 (β-2) and β-(BEDT-

TTF)4[(H3O)Fe(C2O4)3] -(C6H5CN)0.4(C6H5F)0.6 (β-3), display superconductivity and structural phase 

transition in similar temperature ranges [70,74]. The α-“pseudo-κ”-(BEDT-

TTF)4[(H3O)Fe(C2O4)3]·C6H4Br2 (α-κ) salt, which exhibits metallic properties in the whole temperature 

range [100], has been used as a reference. 

The reflectance spectra of β-1, β-2 and β-3 salts at room temperature are similar, characteristic 

for organic metals (Fig. 24). The charge transfer electronic band is centered in the optical conductivity 

spectra at 2500 cm-1 in all materials, as revealed with the help of the Drude-Lorentz model (the arrow 

in the inserts) [101]. 

  

 

 

 

 

 

 

 

 

Figure 24:  Polarized reflectance and optical conductivity spectra at room temperature for β-(BEDT-

TTF)4[(H3O)Fe(C2O4)3]·Y salts designated as β-1, β-2, β-3 (see text). The arrows in inserts show the position 

of the middle infrared electronic band, as fitted with the Drude-Lorentz model (Reprinted with permission from 

[101]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). 

In the search for effects related to charge fluctuations, Raman investigations in the frequency range 

of the charge-sensitive v2 mode of BEDT-TTF molecule have been performed. Figure 25 (b,c) shows 

the Raman spectra measured for β-1 and β-2 at selected temperatures. At the same time, the optical 

conductivity spectra of the β-2 and β-3 salts polarized in the direction perpendicular to the conducting 

layer, display charge-sensitive v27 mode that is known to be the best probe of charge localized on BEDT-

TTF [101]. The β salts are characterized with a quarter filled conducting band and an average charge 



25 

of 0.5e per donor molecule. On the other hand, they are poorly dimerized, which often correlates with 

the presence of charge fluctuations. The bands of relevant vibrations characteristic for molecules with 

charge 0.5e are marked as v2B in the Raman spectra and v27B in the optical conductivity spectra  

(Fig. 25). Note that both in Raman and IR spectra, these bands are significantly broadened, suggesting 

the presence of charge fluctuations in the investigated β salts. Thus, considering the width of the v2 

mode of about 5 cm-1 at low temperature we estimate the amplitude of charge fluctuation as Δ =  0.04 

for β-1 and β-2 salts [96,101]. 

  

  

 

 

 

 

 

 
Figure 25:  Raman (a-c) and IR (d) spectra of the β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·Y salts β-1 (b), β-2 (c,d), 

β-3 (d), together with the reference α-κ insulating material (a,d), in the frequency range of charge-sensitive 2 

and 27 C=C stretching modes of BEDT-TTF (Reprinted with permission from [101]. Copyright 2013 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim). 

 

 

 

 

 

 

 

 

Figure 26:  Polarized optical conductivity spectra of β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·C6H5Br, in the frequency 

range of EMV-activated 3 mode. Inserts show the shift of the center of spectral density <ω> as a function of 

temperature (Reprinted with permission from [101]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim). 

A sharp anomaly in the shape of the optical conductivity spectra is observed between 100 and 150 K 

for the β-1 salt, in the frequency range of the strong v3 stretching C=C mode activated by EMV coupling 

(Fig. 26). The center of spectral weight calculated for this broad v3 feature displays a significant 
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downshift in both principal polarization directions on lowering the temperature between 150 and 100 K 

(inserts in Fig. 26). Such a redistribution of spectral weight points to a change in electronic charge 

transfer excitation and suggests a transition to a mixed metal/insulator phase in β-1 in this temperature 

range [101]. 

 

iii. β-(BEDT-TTF)2CF3CF2SO3 dimer Mott insulator: charge ordering and 

lattice distortion 

 β-(BEDT-TTF)2CF3CF2SO3 is characterized by a dimerized one-dimensional stacking of BEDT-

TTF molecules, with two equivalent conducting layers in the unit cell (Fig. 12(c,d)). Electronic band 

structure calculations confirm a predominantly one-dimensional character of the material, with 

conducting stacks running along b-a direction, which is diagonal in the conducting donor plane [64].  

 Figure 27 shows the infrared reflectance and optical conductivity spectra polarized in the two 

principal polarization directions at selected temperatures. Such an anisotropic response with mostly 

conducting b-a direction is expected in case of a dimerized β structure. The overall shape of the optical 

conductivity spectra can be described as a dimer-Mott insulator in the whole temperature range, with 

the Hubbard component centered at 2700 cm-1 and the dimer band at 3600 cm-1. A significant increase 

of spectral weight on lowering the temperature from 300 to 10 K is observed only in the vicinity of the 

maximum of the Hubbard band at 2700 cm-1 in the stack direction (Fig. 27(c)).  

 

 

 

 

 

 

 

 

 

 

Figure 27: Polarized reflectance and optical conductivity spectra of β-(BEDT-TTF)2CF3CF2SO3 for E//b-a (a, c) 

and E//b+a (b, d), at selected temperatures T = 300 K, 100 K, and 10 K. Two electronic band components, Hubbard 

and dimer, are marked in panel (c).The insets display the simplified structure of the conducting layer (a) and a 

close-up view of the 300 K optical conductivity in the vibrational range (c) (Reprinted with permission from [64]. 

Copyright 2020 American Physical Society).  

 Raman spectra of β-(BEDT-TTF)2CF3CF2SO3 in the frequency range of charge-sensitive C=C 

stretching BEDT-TTF modes have been measured in order to explore the possibility of charge-ordered 
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states.  Temperature dependence of the Raman spectra recorded for two samples is shown in Fig. 28 

(a,b) [64]. We focus our attention on the v2 and v27 vibrations that allow estimation of charge localized 

on donor molecule. A clear splitting of these features into two components is observed below 30 K 

(Fig. 28 (c)). While single bands above 30 K correspond to the charge 0.5e, the frequency difference 

of two components below 30 K is used to estimate charge disproportionation in the CO state. Here, both 

the v2 and v27 splitting suggest the charge disproportionation of  0.1e. Considering the specific structure 

with two equivalent conducting layers, the Raman spectra provide evidence for the low-temperature 

interlayer CO state [64]. 

 

 

 

 

 

 

 

 

 

Figure 28: (a,b) Raman spectra of β-(BEDT-TTF)2CF3CF2SO3 for selected temperatures; spectra are shifted for 

clarity. Panel (c) displays the Raman shift of the ν27 (), ν2 (), and ν3 () mode components, as observed in the 

spectra of sample 1 (red color) and sample 2 (blue). The dashed line marks the approximate splitting temperature 

of the ν2 mode is observed. Lines between data points are intended to guide the eye (Reprinted with permission 

from [64]. Copyright 2020 American Physical Society). 

 The onset of the charge-ordered phase in β-(BEDT-TTF)2CF3CF2SO3  is accompanied by lattice 

distortion, as exemplified by clear splitting of the v3 mode in optical conductivity spectra into altogether 

three components at 1446, 1383 and 1330 cm-1 below about 30 K (Fig. 29 (a,b)). Considering another 

v3 mode observed at 1472 cm-1 in Raman spectra, there are as much as four v3 components identified at 

low temperature, suggesting a symmetry lowering. 

 This significant lattice distortion in β-(BEDT-TTF)2CF3CF2SO3 involves modification of hydrogen 

bonding-type interaction between terminal ethylene groups of donor molecules and the CF3CF2SO3
- 

anions. When lowering the temperature between 25 and 20 K, in the optical conductivity spectra in the 

b-a direction we observe a remarkable redshift of the v1 mode, the C-H symmetric stretching of the 

ethylene groups, indicating C-H bond lengthening (Fig. 29(c)). The cation-anion interactions are 

considered to stabilize the CO state in some dimerized BEDT-TTF salts [102,103]. In case of β-(BEDT-

TTF)2CF3CF2SO3 we suggest that this is the CO transition that results in modification of the interactions 

at the cation-anion interface. 
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Figure 29: Optical conductivity spectra of β-(BEDT-TTF)2CF3CF2SO3 at 10 K, in the frequency range of the 

electron-molecular vibration-activated ν3 mode for E//b-a (a) and E//b+a (b);  insets display close-up views of the 

temperature dependence of the ν3H mode component at1446 cm−1 that appears in both spectra below 30 K. (c) The 

ν1 vibrational BEDT-TTF mode observed in optical conductivity spectra in b-a direction; inset shows optical 

conductivity spectra at 10, 20, 25, and 30 K in this frequency range (Reprinted with permission from [64]. 

Copyright 2020 American Physical Society).  

 

c. Charge localization in the salts with chiral donor molecules 

 

i. Charge localization in τ-(EDO-(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y 

Investigations of the reflectance spectra of τ-(EDO-(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y with              

y0.75, were aimed at understanding the low temperature charge localization in this organic metal based 

on unsymmetrical donor molecule, as observed in the studies of direct current conductivity [79] and 

magnetoresistance [80]. The specific structure of the material allowed measurements using unpolarized 

light because the polarized reflectance measured from the conducting plane do not display dependence 

on polarization. The experimental reflectance spectra and optical conductivity spectra calculated using 

Kramers-Kronig's analysis are presented in Figure 30 [80]. Reflectance spectra are characteristic for 

organic metal, with no clear plasma edge (Fig. 30 (a)). In the room temperature optical conductivity 

spectrum two electronic bands at frequencies 1000 cm-1 and 5500 cm-1 are observed. When lowering 

the temperature from 300 K down to 10 K, the very wide 1000 cm-1 band gradually displays splitting 

into two components, 350 and 1100 cm-1. The observed electronic excitations are discussed based on 

the Hubbard model [37], which allows to connect the splitting of the electronic band at 1000 cm-1 with 

the charge localization [80]. Indeed, a similar effect of electronic localization related with the band 

(c) 
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splitting at low frequency was experimentally observed and theoretically studied in a model dimer Mott 

insulator [104]. 

  (a)                     (b) 

 

 

 

 

 

 

Figure 30:  Reflectance (a) and optical conductivity spectra (b) of τ-(EDO-(S,S)-DMEDT-TTF)2(AuBr2)(AuBr2)y 

as a function of temperature  (Reprinted with permission from [78]. Copyright 2000 The American Physical 

Society). 

 

ii. Chiral DM-EDT-TTF salts: charge fluctuations 

The family of chiral DM-EDT-TTF-based salts of interest here is a complete series including 

enantiopure ((S,S)-DM-EDT-TTF)2PF6 and  ((R,R)-DM-EDT-TTF)2PF6 phases together with the 

racemic (rac-DM-EDT-TTF) 2PF6 that is characterized by weakly dimerized structure of the conducting 

layer related with the possible presence of the charge-ordered states.  

The DM-EDT-TTF molecule is an asymmetrical chiral derivative of tetrathiafulvalene, with three 

double C=C bonds. Similarly, to BEDT-TTF, the C=C stretching vibrations (Fig. 31) display frequency 

dependence on charge. Thus, in order to determine the charge distribution in the ((S,S)-DM-EDT-

TTF)2PF6, ((R,R)-DM-EDT-TTF) 2PF6 and (rac-DM-EDT-TTF) 2PF6 salts, we investigated Raman 

spectra in the frequency range of charge-sensitive C=C stretching modes of DM-EDT-TTF, both 

experimentally and theoretically using Density Functional Theory (DFT) methods [81]. Results of 

measurements and calculations are presented in Figure 31. Based on the observed and theoretical 

frequencies of the bands corresponding to the ν2 mode (see Fig. 31 for mode pattern) it was found that 

both salts with the enantiopure donor molecules are charge-ordered insulators in the whole temperature 

range. On the other hand, in the Raman spectra of racemic (rac-DM-EDT-TTF)2PF6 salt a single 

broadened ν2 band is observed in the position corresponding to the charge 0.5e [81]. 

In the further study of (rac-DM-EDT-TTF)2PF6 that was focused on the 100 K metal-insulator phase 

transition [81], we investigated variable temperature infrared reflectance as well as Raman spectra for 

several excitation lines. The polarized reflectance and optical conductivity spectra are shown in Figure 

32 [105]. Infrared response is characteristic for quasi-one-dimensional organic metal, in agreement with 

the transfer integrals (right panel in Fig. 32), as calculated on the basis of the structural parameters [81]. 

The shape of the optical conductivity spectra and their strong temperature dependence indicate that the 

material can be regarded as dimer-Mott insulator at low temperature, weakly dimerized along the 

columns of the donor molecules and strongly dimerized in the perpendicular direction, with the Hubbard 

band at 1100 cm-1 in both the principal polarization directions. With lowering the temperature through 
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the 110 K phase transition, a strong feature related with the stretching ν3 mode of DM-EDT-TTF 

activated due to electron-molecular vibration coupling appears in the optical conductivity spectra 

polarized in the stack a-b direction at 1300 cm-1 (Fig. 33a). 

 

 

 

 

 

 

 

 

 

 

Figure 31:  Experimental Raman spectra in the frequency range of the double C=C stretching modes for the neutral 

DM-EDT-TTF0 molecule (a) and the iodine ((S,S)-DM-EDT-TTF)I3 salt that features DM-EDT-TTF+1 ions (b), 

together with the respective theoretical spectra of DM-EDT-TTF calculated with the Density Functional Theory 

(DFT) methods. (c) Raman spectra of ((S,S)-DM-EDT-TTF)2PF6 (S,S), ((R,R)-DM-EDT-TTF)2PF6 (R,R), (rac-

DM-EDT-TTF)2PF6 (rac) and ((S,S)-DM-EDT-TTF)I3. The stretching C=C modes’ patterns are also shown (with 

the labels from [81] and [105]) (Reprinted with permission from [81]. Copyright 2013 American Chemical 

Society). 

 

 

 

 

 

 

 

 

Figure 32:  Reflectance (a, b) and optical conductivity spectra (c, d) of the (rac-DM-EDT-TTF)2PF6 salt as a 

function of temperature. On the right, the arrangement and interactions of molecules in the conducting layer are 

shown; dimers are marked with grey color, t1 and t2 are the transfer integrals within stack, t5 – the largest transfer 

integral between stacks, t2/t1 ≈ 0.8, t5/t1 ≈ 0.1 (Reprinted with permission from [105]. Copyright 2017 American 

Chemical Society). 

c. 



31 

As the ν3 mode becomes remarkably enhanced with lowering the temperature,  the shape of the 

optical conductivity spectra in this frequency range has been analyzed using the Fano model (Fig. 33b) 

[105]. The strong temperature dependence of the ν3 feature reflects the localized nature of charge carriers 

in the insulating state. On the other hand, a clear shift towards lower frequencies of the band components 

of the P-F bonds stretching vibration in the PF6 anion as observed below 110 K, indicates a notable 

change in the anionic sublattice (Fig. 33c,d). Such a change most probably affects the hydrogen bonding-

type interactions between the anion layer and the conducting layer [81]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33:  (a) Optical conductivity spectra of (rac-DM-EDT-TTF)2PF6 as a function of temperature in the 

frequency range of the 3 mode; (b) respective spectra calculated using the Fano model. (c) optical conductivity 

spectra in the range of stretching vibrations of the PF6 anion. (d) softening of the stretching F-P mode components 

observed below 110 K (Reprinted with permission from [105]. Copyright 2017 American Chemical Society). 

Considering the possible charge-ordered states that are characteristic for weakly dimerized materials 

we focus on Raman spectra (Fig. 34 shows the spectra measured with two laser excitation lines). A wide 

band at 1475 cm-1 is attributed to the v3 and v27 modes of DM-EDT-TTF molecule. The second band 

centered at 1520 cm-1, broad and unsymmetrical v2 mode, has been used to calculate the charge 

distribution in (rac-DM-EDT-TTF)2PF6 (Fig. 34a,b). By analogy with the BEDT-TTF molecule, it was 

assumed that v2 mode is characterized by a linear frequency dependence on charge. The broadened shape 

of the mode (Fig. 34c) was modeled using Kubo model, which allowed to estimate the amplitude of 

charge fluctuation Δ ≈ 0.25e at 10 K (Fig. 34d). 
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Figure 34:  Raman spectra of (rac-DM-EDT-TTF)2PF6 as a function of temperature, measured with the laser lines 

488 nm (a) and 514.5 nm (b), together with the results of modeling of the charge-sensitive 2 mode components 

(c) using the Kubo model (d) (Reprinted with permission from [105]. Copyright 2017 American Chemical 

Society). 

 The reflectance spectra of (rac-DM-EDT-TTF)2PF6 can be compared with the similar optical 

properties of the charge-ordered organic conductor β-(meso-DMBEDT-TTF)2PF6 [106], which is 

superconducting under increased pressure [107]. Following the description of Mori who discusses the 

CO pattern in such organic conductors from the point of view of the intersite Coulomb V parameters 

[42], the relationship between charge fluctuations in (rac-DM-EDT-TTF)2PF6 and the estimated values 

of the Coulomb V interactions in the conducting layer has been suggested [105]. In case of many organic 

conductors with a layered structure, these interactions are more homogeneous in the conducting layer 

than the transfer integrals, and their distribution strongly influences the stabilization of a particular 

charge order [42]. Therefore, we propose that fluctuating charge order within the dimer-Mott insulating 

phase is stabilized in (rac-DM-EDT-TTF)2PF6 at low temperature due to a specific configuration of 

intermolecular Coulomb repulsion parameters. 

 

5. Concluding remarks 

This review concerned the broadly understood issues of charge localization and superconducting 

characteristics in low-dimensional organic conductors based on BEDT-TTF donor molecule or 

unsymmetrical tetrathiafulvalene derivatives. Important contributions have been made with the 

application of the optical spectroscopy methods that are particularly useful in the field of these materials 

due to the broad energy range covered by the method, possibility to study both the electronic and 
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vibrational properties that can be coupled, as well as the microscopic character of the response in the 

vibrational frequency range. The most important achievements include identification of vibrational 

bands that are sensitive to superconducting to normal phase transition under magnetic field in the κ-

(BEDT-TTF)2X organic conductors. Charge ordering mechanism in β-(BEDT-TTF)2CF3CH2SO3 and 

β-(BEDT-TTF)2SF5CH2SO3, has been explained as related with the dimerization induced with the 

presence of the hydrogen bonding between the anion and donor layers. Low-temperature charge ordering 

transition together with the lattice distortion has been confirmed in β-(BEDT-TTF)2CF3CF2SO3 dimer 

Mott insulator. The effects related with charge fluctuations together with the stabilization of the 

metal/insulator mixed state have been discovered in the β-(BEDT-TTF)4[(H3O)Fe(C2O4)3]·Y organic 

superconductors. It was shown that (rac-DM-EDT-TTF)2PF6 is a dimer-Mott insulator below the metal-

insulator transition at 110 K; detailed analysis of the Raman spectra suggested low-temperature charge 

fluctuations in this material. With no doubt, experimental observations  with the help of the optical 

spectroscopy methods provide broader understanding of the physical properties of low-dimensional 

organic conductors. 
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