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Abstract: Quasi-two-dimensional Mott insulators based on BEDT-TTF molecules have recently
demonstrated a variety of exotic states, which originate from electron–electron correlations and
geometrical frustration of the lattice. Among those states are a triangular S = 1/2 spin liquid
and quantum dipole liquid. In this article, we show the power of Raman scattering technique to
characterize magnetic and electronic excitations of these states. Our results demonstrate a distinction
between a spectrum of magnetic excitations in a simple Mott insulator with antiferromagnetic
interactions, and a spectrum of an insulator with an additional on-site charge degree of freedom.
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1. Introduction

In recent years, a number of materials with very interesting properties produced by electronic
correlations have been found among organic conductors and insulators. For example, they present a
model to study a bandwidth-controlled transition from Mott insulator to a metal and superconductor,
which can be tuned by hydrostatic or chemical pressure in these materials [1,2]. An importance of
these studies outside of the community working directly on organic conductors is demonstrated,
for example, by the fact that this bandwidth-controlled phase diagram shows a lot of similarity to a
doping-dependent phase diagram of electron-doped cuprate superconductors [3].

Recently, much attention was focused on magnetic properties of organic-based Mott insulators
on frustrated square and triangular lattices [4]. The number of spin liquid candidates [5–12] with
S = 1/2 on a triangular lattice found among these materials is larger than among inorganic compounds.
Moreover, intriguing ferroelectric properties of spin liquid candidates [13–16], and recently a quantum
dipole liquid state [17] were observed for the κ-phase BEDT-TTF-based compounds, where BEDT-TTF
stands for bis(ethylenedithio)tetrathiafulvalene. These results suggest an importance of a charge
degree of freedom in the Mott insulator state. Theoretical models [18,19] go beyond the simple Mott
insulator model that was previously used to describe these materials, and discuss coupling of the
charge degree of freedom to spins. In some of the theoretical work, this charge degree of freedom and
related effects were discussed within the Kugel–Khomskii model, suggesting a similarity to an orbital
liquid [20]. Some of the results still present a conflicting picture; for example, while ferroelectricity
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was detected for κ-(BEDT-TTF)2Cu2(CN)3, no evidence of charge disproportionation which would
lead to electric dipoles was found [21].

Despite their complicated crystal structure, the electronic structure of these compounds is
relatively simple. The layers of the positively charged BEDT-TTF molecules are sandwiched between
layers of anions. The anion layers serve as charge reservoirs, but their geometry also influences
the structure of the conducting BEDT-TTF layers to some extent. Most of the models which discuss
properties of these systems work in an approximation in which electronic and magnetic properties of a
material are basically defined by the properties of the BEDT-TTF-based cation layers, the interactions
between these layers are very weak if present. These layers can be approximated by a two-dimensional
arrangement of “sites”. For κ-phase materials discussed in this paper, the cation layer can be mapped
on a lattice of molecular dimer sites (BEDT-TTF)+1

2 carrying charge 1e and spin 1/2. With high values of
electronic correlations U/t, where U is on-cite repulsion and t is transfer integral, these compounds are
Mott insulators, and their properties are described by the Hubbard model on 2D square or triangular
lattice at half-filling [4,22]. The latter model ignores a possibility of an active intra-dimer degree
of freedom, which recently has been found important in some cases [17,18,20]. In a limiting case,
the presence of the intra-dimer charge degree of freedom breaks the half-filled model, and a system
has to be regarded as 1/4-filled [19].

In general, much information about a state of matter comes from a knowledge of its excitation
spectrum. For example, a lot of our understanding of charge degrees of freedom in organic conductors
and insulators is based on the studies of their spectrum of charge excitations. This information was
obtained by optical spectroscopy and compared to the calculations on the Hubbard model [2,23].
Measurements of a spectrum of magnetic excitations for organic materials showing interesting
magnetic properties present more challenges. A characterization of a spin state by neutron scattering,
which by now became a standard tool to study magnetic systems, still has not been performed
for these materials due to complicity of the measurements. Until recently, conclusions on the spin
liquid behavior in organic Mott insulators on triangular lattice [12] were based on measurements of
magnetization, which would suggest J of about 250 K for spin liquid candidates but no magnetic
order [24], thermoelectric transport [25] which reveals the presence of mobile excitations assigned
to spinons, heat capacity [12], and NMR [26]. However, it is important to directly probe magnetic
excitations and obtain the value of J. Also, it is necessary to show that a description of these complicated
molecular-based compounds by a simple model of 2D triangular lattice of sites with S = 1/2 is valid.
Inelastic light scattering technique, so-called Raman scattering, is able to provide this information.
This technique is widely used to study magnetic excitations in inorganic systems [27,28]. For example,
Raman scattering experiments were a source of information about values of exchange interactions J in
cuprate superconductors [29]. Additionally, polarization dependence of magnetic Raman response is a
probe of dimensionality and symmetry of a spin system [28,30].

While few different processes can be excited by light in a magnetic system, here we will focus
on so-called “exchange Raman scattering” [31], expected in all Heisenberg antiferromegnets (AF).
A schematic illustration of this process is presented in Figure 1 for an antiferromagnetically ordered
chain. An excitation light of a laser with a frequency ωL induces an exchange of electrons with opposite
spins between the neighboring sites i and j of the two different magnetic sublattices. As a result, a pair
of magnons with energies EM = h̄ωM and wavevectors q and q′ so that q + q′ = 0 is excited. The total
energy costs of this process is E2M = h̄ω2M, thus inelastically scattered light with frequency ωL −ω2M
is emitted and collected by a spectrometer. The presented picture describes local excitations and
explains sensitivity of the method to short range magnetic correlations. All pairs of magnons with
q + q′ = 0 can be excited, as a result for a system with a long range order the two-magnon Raman
spectrum presents a weighted integration of magnon excitations over a Brillouin zone and reflects the
renormalized magnon density of states. The position of a two-magnon peak is a direct measure of a
magnetic exchange J [29,31]. In the absence of geometrical frustration the peak appears approximately
at energy E2M= J2S(z− 1), where S is a spin value, and z is a number of nearest neighbors. E2M can
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be re-normalized by magnon-magnon interactions. Importantly, a polarization of light in which the
excitations are observed is not defined by an easy axis, but by a vector δi,j connecting sites i and j of
the two different sublattices between which the exchange excitation occurs. Nevertheless, polarization
dependence of a two-magnon band in an ordered state reveals the symmetry and dimensionality of
the order [28,29].
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with frequency wM 
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Figure 1. (a) A scheme of excitation of pairs of magnons in an antiferromagnetic chain; (b) A schematic
view of a structure of BEDT-TTF-layer of a κ-phase crystal as a model of S = 1/2 sites on a frustrated
square lattice.

Theoretical calculations of a magnetic Raman response relevant to organic conductors describe
two-magnon excitations on a square and triangular lattice [32,33]. These calculations suggest that as a
result of a geometrical frustration, the two-magnon Raman response on a triangular lattice is shifted to
lower frequencies compared to the square lattice and looses the distinct polarization dependence of a
square lattice, where it is observed only in B1g scattering channel. Both mentioned calculations for
a triangular lattice are relevant to a situation where a ground state of an isotropic triangular lattice
system is a classical 120◦ order. Spin excitations spectra were calculated for a model of a triangular
lattice with a ring exchange, which actually can produce a spin liquid behavior [34]. While specifically
Raman response was not yet calculated, it is clear that in this case, Raman scattering would show a
continuum below approximately 4J.

Publications presenting magnetic Raman scattering in organic conductors started to appear only
recently. In this paper, we would like to give an overview of our results on the Raman spectra of
magnetic excitations which we observed in a number of κ-phase organic conductors. They demonstrate
a striking difference between materials which can be described by a model of a Mott insulator on
a frustrated square or triangular lattices with S = 1/2 per lattice site, and a more complicated
situation, when the intra-dimer charge degree of freedom becomes active, resulting in a quantum
dipole liquid [17]. In Section 4 we will compare our results to the existing literature data on other
organic spin liquid candidates.

2. Materials and Methods

Raman scattering spectra of single crystals of κ-(BEDT-TTF)2Cu[N(CN)2]Cl, κ-(BEDT-TTF)2

Cu[N(CN)2]Br, and κ-(BEDT-TTF)2Hg(SCN)2Br were measured from the plane parallel to BEDT-
TTF layers in pseudo-Brewster angle geometry. Measurements were done using T64000 triple
monochromator spectrometer equipped with the liquid N2 cooled CCD detector. For the measurements
in the 10–400 cm−1 range T64000 in triple monochromator configuration was used. The low
frequency cut off was determined by the excitation used and a size of a measured crystal. Crystals of
κ-(BEDT-TTF)2Hg(SCN)2Br were not larger than 1 mm by 1mm in the (b, c) plane, the lowest measured
frequency for these crystals was 20 cm−1. For the measurements in the range 100–2000 cm−1 single
monochromator configuration with the edge filter option was used. Spectral resolution was 2 cm−1.
Lines of Ar+-Kr+ Coherent laser at 514.5 nm and 647 nm where used for excitation. Laser power
was kept at 2 mW for the laser probe size of approximately 50 by 100 µm. This ensured that the
laser heating of the sample was kept below 2 K. Measurements at temperatures down to 10 K were



Crystals 2018, 8, 233 4 of 11

performed using Janis ST500 cold finger cryostat. Cooling rates used were between 0.2 and 0.5 K/min.
The samples were glued on the cold finger of the cryostat using GE varnish. The experiments were
performed on at least 6 samples to ensure reproducibility of the results. The crystals were oriented
using polarization-dependent Raman scattering measurements.

For the measurements, electrical vector of excitation eL and scattered eS light were polarized along the
in-plane crystallographic axes (a and c for κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]Br,
and b and c axes for κ-(BEDT-TTF)2Hg(SCN)2Br). Our notations of polarizations refer to the structure and
symmetry of the BEDT-TTF layer, to make an easy comparison to the calculations which refer to D4h [29]
without loosing the information about the symmetry of the real crystal. Thus A1g symmetry corresponds
to measurements in (b, b) and (c, c) geometries, and B1g corresponds to (b, c) and (c, b) geometries (xy).
All spectra were corrected by the Bose-Einstein thermal factor.

Raman spectra of organic conductors are a complicated spectra with an overlap of molecular
vibrations, lattice phonons, some effect of electron-molecular vibrational coupling, electronic
and magnetic excitations, and luminescence. At this point vibrational contributions [35,36] and
luminescence [37] are well understood and can be subtracted from the spectra. In order to do so
we fitted the phonons with the Lorentz functions, and luminescence with broad Lorentz bands
located at 5000 cm−1 for all materials, and additionally a weaker band located at 3000 cm−1 for Mott
insulators, basing on the results of Ref. [38]. For the materials of κ-Cu family, the identical luminescence
contribution, normalized on the phonons intensity, was subtracted from all the spectra.

3. Results

An overview of the Raman spectra of the four discussed κ-phase compounds κ-(BEDT-TTF)2

Cu[N(CN)2]Cl, κ-(BEDT-TTF)2Cu[N(CN)2]Br, κ-(BEDT-TTF)2Cu2(CN)3, and κ-(BEDT-TTF)2Hg(SCN)2Br
is presented in Figure 2. We show the data obtained at low temperatures around 10 K for two
polarizations which would correspond to A1g and B1g scattering channels in a square magnetic
unit cell of κ-(BEDT-TTF)2Cu[N(CN)2]Cl (Figure 1b). The range from 100 to 1600 cm−1 covers the
frequency range where we can observe two-magnon continuum for a square lattice with J of around a
few hundred kelvin.

The insets in Figure 2 show original data, and reveal a complicated picture. Multiple narrow bands
observed in the spectra belong to molecular vibrations of BEDT-TTF and lattice vibrations [35,36]. They
are superimposed on a background which consist of luminescence [38], possible electronic excitations,
and magnetic excitations. A spectrum of phonons which do not interact with electronic and magnetic
degrees of freedom is easy to interpret and subtract from the original data. While a maximum of
luminescence is observed at much higher frequencies of 3000 cm−1 for all the compounds, it does
appear in the spectra as a nearly linear background with different intensity for these four materials.
Luminescence shows the larger intensity in polarizations, where electrical vector eL of the excitation
light is parallel to the crystallograpic direction which has a projection of the long axis of BEDT-TTF
molecule, thus we always selected polarizations with the smaller luminescence intensity. An additional
luminescence signal comes from a maximum at around 5000 cm−1 [38], and apparently belongs to the
response of an anion layer. It is much stronger in κ-(BEDT-TTF)2Hg(SCN)2Br spectra.

In cross-polarization (B1g scattering channel) we could successfully disentangle luminescence
and the electronic or magnetic background, but in A1g scattering channel of κ-Cu-family materials
some higher-frequency component is left. This can be an electronic response of a system, for example
transitions between Hubbard bands. For D4h symmetry which we use to approximate the structure
of κ-phase BEDT-TTF layer, electronic contribution would be present in both A1g and B1g channels,
while absent in B2g [29,38]. Since electronic response in A1g scattering channel is proportional to
the intensity of electronic transitions integrated over the whole BZ [29], the electronic contunuum is
typically more intense in A1g channel [39].
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In most cases, a distinct polarization dependence and frequency range of magnetic excitations
allow to separate them from other contributions. In the relevant section, we will discuss a particular
difficulty of the analysis of the data in A1g scattering channel for κ-(BEDT-TTF)2Cu2(CN)3.

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 c

κ- C u B r
1 0  K

 A 1 g
 B 1 g  

  R a m a n  s h i f t  ( c m - 1 )
χ’’(

a.u
.)

κ- C u C l
7 K

a 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

 A 1 g
 B 1 g
 κ- C u B r  A 1 g

κ- C u C N
6  K

 χ’’(a.u.)
 χ’’(a.u.)

  R a m a n  s h i f t  ( c m - 1 )

1 0 0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0

 A 1 g
 B 1 g

db

  R a m a n  s h i f t  ( c m - 1 )

 

χ’’(
a.u

.)

1 0 0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

 A 1 g
 B 1 g

κ- H g B r
1 0  K

 

 

R a m a n  s h i f t  ( c m - 1 )

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

 

R a m a n  s h i f t  ( c m - 1 )
2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0

R a m a n  s h i f t  ( c m - 1 )

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0
R a m a n  s h i f t  ( c m - 1 )

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

 

R a m a n  s h i f t  ( c m - 1 )

Figure 2. Low temperature Raman spectra for the discussed κ phase materials in the spectral
range between 100 and 1600 cm−1 in polarizations corresponding to A1g and B1g in D4h symmetry.
The insets show original data, the main figures show data with phonons and luminescence contribution
subtracted. The resulting spectra, containing magnetic and, possibly, electronic contributions are
plotted (a) Spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Cl at 7 K. Note the broad maximum in B1g symmetry
between 100 and 700 cm−1; (b) Spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Br at 10 K. Note the broad
maximum in B1g symmetry between 100 and 700 cm−1, similar to κ-(BEDT-TTF)2Cu[N(CN)2]Cl;
(c) Spectra of κ-(BEDT-TTF)2Cu2(CN)3 at 6 K. The continuum extends from about 600 cm−1 to
the lowest measured frequencies, no gap in magnetic spectrum can be identified, in contrast
to κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]Br. The dashed line shows A1g

contribution of κ-(BEDT-TTF)2Cu[N(CN)2]Br for comparison, which makes clear the presence of
an additional intensity below 600 cm−1 in A1g for κ-(BEDT-TTF)2Cu2(CN)3, which we attribute to
magnetic excitations; (d) Spectra of κ-(BEDT-TTF)2Hg(SCN)2Br at 10 K, the spectra do not show major
differences between A1g and B1g channels in the discussed range, no continuum of magnetic excitations
is observed.

3.1. Magnetic Excitations on a Frustrated Square Lattice: From a Mott Insulator with an Antiferromagnetic
Order to a Metal with Antiferromagnetic Fluctuations

A simple and well-understood example of magnetic excitations in an organic Mott insulator
are spectra of an AF state for κ-(BEDT-TTF)2Cu[N(CN)2]Cl (TN = 27 K). In the Raman
response of this compound (see Figure 2a) we observe a broad maximum between 200 and
700 cm−1 only in (a, c) polarization, which corresponds to B1g symmetry of the magnetic unit
cell in κ-(BEDT-TTF)2Cu[N(CN)2]Cl (see Figure 1b). This maximum is absent in (c, c) spectra,
which correspond to A1g symmetry (Figure 2a), as well as in B2g [38]. This polarization dependence
coincides with the theoretical expectations for a two-magnon response of AF order on a square
lattice. Any electronic excitations due to correlation effects would be observed both in A1g and
B1g channels [29] and are expected at higher frequencies [2]. The contribution observed in (c, c)
polarization is a good candidate for the electronic contribution to the spectra. In Ref. [32] two-magnon
Raman response of an AF on a frustrated square lattice described by a Hubbard model was calculated
depending on the frustration parameter J′/J. For J′/J = 0.22 [38] a two-magnon excitation would be
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observed in B1g polarization only, with a maximum at about 2.5J. This provides us an estimate of
J = 250 K, close to that obtained from the fit of magnetization [24].

The κ-(BEDT-TTF)2Cu[N(CN)2]Br metal with superconducting transition below T = 11.5 K
demonstrates electronic parameters very similar to that of κ-(BEDT-TTF)2Cu[N(CN)2]Cl. Only a
small decrease in U/t value is responsible for tuning this material into metallic and superconducting
states [4]. While electronic spectra of these compounds are very different, reflecting the difference in
the charge ground states [2], κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]Br show
an amazing similarity in the spectrum of magnetic excitations (see Figure 2b), which has a similar
position, shape, and polarization dependence. It is therefore natural to assign the maximum present in
the spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Br between 200 and 700 cm−1 only in B1g scattering channel,
to magnetic excitations due to local AF correlations. The presence of AF fluctuations below 200 K in
κ-(BEDT-TTF)2Cu[N(CN)2]Br was observed also by other methods [40].
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Figure 3. (a,b) Temperature dependence of Raman spectra of κ-(BEDT-TTF)2Hg(SCN)2Br in the range
below 300 cm−1 in (a) A1g scattering channel; and (b) B1g scattering channel, intensity is multiplied by
the factor of 4; (c) Polarization dependence of the low-frequency spectra for κ-(BEDT-TTF)2Hg(SCN)2Br
at 4 K; (d) Polarization dependence of low frequency spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Br at 14 K.
Note the absence of the broad mode with the maximum at about 40 cm−1.

To summarize, as a whole, Raman spectra of magnetic excitations in κ-(BEDT-TTF)2Cu[N(CN)2]Cl
and κ-(BEDT-TTF)2Cu[N(CN)2]Br are in agreement with the calculations for an AF on a frustrated
square lattice with S = 1/2, and reproduce the value of J received from magnetization measurements.
Some details of temperature and U/t dependence of the spectra are unconventional. (i) An extreme
similarity between magnetic excitations of an AF ordered κ-(BEDT-TTF)2Cu[N(CN)2]Cl and metallic
κ-(BEDT-TTF)2Cu[N(CN)2]Br with AF fluctuations is unexpected. Typically, in a metallic state next to
a Mott insulator, where AF fluctuations survive, a two-magnon peak is broadened and shifted down
in frequencies due to the interactions with charge carriers [29]; (ii) As we have shown in Ref. [38],
the two-magnon peak fully forms in κ-(BEDT-TTF)2Cu[N(CN)2]Cl at around 50 K, and does not
change when the material is cooled through the ordering transition at TN = 27 K. This is in contrast to
the majority of magnetic materials, where the two-magnon peak would shift to higher frequencies
and become more narrow below TN [27]. While the details of this behavior still need an explanation,
it is clear that two-dimensional magnetic interactions, and high energy scale of J compared to the
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temperature of ordering and to the energy scale where charge carriers are observed, lie at the origin of
these effects.

3.2. Mott Insulator on a Triangular Lattice: κ-(BEDT-TTF)2Cu2(CN)3

The overall spectra of κ-(BEDT-TTF)2Cu2(CN)3 are similar to that of the two materials discussed
above, but show a difference in the position of the band assigned to the two-magnon excitations.
In the spectra of κ-(BEDT-TTF)2Cu2(CN)3 in (a, c). polarization (Figure 2c) we observe a broad
feature below approximately 600 cm−1 which we assign to magnetic excitations. Interestingly,
the band of magnetic excitations is extended to much lower frequencies than in the less frustrated
materials κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]Br, and is still present at the
lowest measured frequency of 50 cm−1. The low frequency shift of the two-magnon peak is in
a good agreement with a calculation of the two-magnon peak position for a model of S = 1/2
on frustrated square lattice with frustration value of J′/J = 0.64 [32,41]. Assuming the value of
J value of κ-(BEDT-TTF)2Cu2(CN)3 close to that of κ-(BEDT-TTF)2Cu[N(CN)2]Cl, the center of
two-magnon peak should shift to about 230 cm−1. However, this calculation discusses a classical
picture of 120◦ order as a ground state of an AF on an isotropic triangular lattice, which is not the
case for κ-(BEDT-TTF)2Cu2(CN)3. Another recently discussed explanation of a spin liquid state in
κ-(BEDT-TTF)2Cu2(CN)3 is a model of a triangular lattice with a ring exchange [34]. Ring exchange is
suggested as the largest exchange of the next order beyond a nearest neighbor exchange J and destroys
the ordered ground state. A spectrum of magnetic excitations of this spin liquid state is discussed in
Ref. [34], and would produce a continuum of excitations below about 4J. We observe a continuum of
excitations in κ-(BEDT-TTF)2Cu2(CN)3 spectra below 600 cm−1, which gives an estimate of J of about
215 K, in a good agreement with other measurements. While producing different low temperature
states, these two models agree on a starting model of a S = 1/2 AF on triangular lattice, with no active
charge degree of freedom.

Calculations [32,33] predict a loss of anisotropy between the two-magnon continuum in B1g
and A1g scattering channels for an isotropic triangular lattice. We find that this loss of polarization
dependence makes it more challenging to separate magnetic excitations from possible electronic and
luminescence background in A1g scattering channel. A work of Nakamura et al. [41] suggest small
intensity of magnetic Raman scattering in this channel. Indeed, using a fit of luminescence background,
parameters for which is very difficult to restrict, one receives a very low intensity of magnetic scattering
in A1g. On the other hand, a comparison of (c, c) spectra with that of κ-(BEDT-TTF)2Cu[N(CN)2]Br
and κ-(BEDT-TTF)2Cu[N(CN)2]Cl suggest an additional intensity in κ-(BEDT-TTF)2Cu2(CN)3 spectra
at low frequencies (see Figure 2), which we assign to magnetic excitations. At this point, the error bars
for the intensity of magnetic excitations in A1g scattering channel are large, but the presence of these
excitations is in agreement with the symmetry of the lattice.

3.3. Charge Degree of Freedom in a Mott Insulator: κ-(BEDT-TTF)2Hg(SCN)2Br

κ-(BEDT-TTF)2Hg(SCN)2Br shows κ-phase structure, where the layer formed by the
(BEDT-TTF)+1

2 dimers is well approximated by an anisotropic triangular lattice with the ratio of
t′/t at least as high as for κ-(BEDT-TTF)2Cu2(CN)3. In a Mott insulator, where J is estimated as
J = 4t2/U, this would result in a similarly high magnetic frustration. Calculations carried out for an
iso-structural κ-(BEDT-TTF)2Hg(SCN)2Cl compound suggest values of t and t′ similar to Cu-based
κ-phases, but a slightly lower degree of dimerisation [37,42]. Contrary to the expectation based on a
model of a Mott insulator with S = 1/2 on a triangular lattice, no continuum of magnetic excitations
in the range between 100 and 700 cm−1 is observed in the spectra (see Figure 2d).

The reason for this difference is an “active” intra-dimer degree of freedom. Indeed, in contrast
to the compounds discussed in the previous section, κ-(BEDT-TTF)2Hg(SCN)2Br shows an evidence
of fluctuating intra-dimer charge detected by vibrational spectroscopy [17]. Respectively, a different
collective excitation with a maximum at around 40 cm−1 is found in the spectra of this compound.
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It appears in both polarizations at temperatures below the Mott transition [43] at 80 K (Figure 3a,b).
This excitation is attributed [17] to a collective excitation of dipoles fluctuating on (BEDT-TTF)+1

2
dimers in the insulating state of κ-(BEDT-TTF)2Hg(SCN)2Br, forming “quantum dipole liquid”.

Additional understanding of the low frequency region of the spectra comes from a comparison
of spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Br at 14 K with the spectra of κ-(BEDT-TTF)2Hg(SCN)2Br in
this range (Figure 3c,d) at the lowest measured temperature of 4 K. For κ-(BEDT-TTF)2Cu[N(CN)2]Br
this frequency range is below the range where magnetic excitations are observed, but above spectral
range where the superconducting gap can appear [29], thus we do not expect any electronic or
magnetic excitations. In the Raman spectra at low frequencies of BEDT-TTF-based compounds we
typically observe bands of vibrations of the BEDT-TTF molecule down to approximately 100 cm−1 [35].
They are found at similar frequencies for various BEDT-TTF-based crystals, for example bands at
around 250 cm−1 and a phonon at 125 cm−1, observed for both κ-(BEDT-TTF)2Hg(SCN)2Br and
κ-(BEDT-TTF)2Cu[N(CN)2]Br (Figure 3c,d). The phonons in the range below approximately 100 cm−1

are lattice vibrations [36]. Their frequency depends on the details of the structure of the crystals,
including that of the anion. For κ-phase BEDT-TTF-based crystals similar modes exist, for example
modes at about 50 and 75 cm−1 are present in the A1g scattering channel for both compounds.

For κ-(BEDT-TTF)2Hg(SCN)2Br in A1g , the intense low frequency phonons are superimposed
on a broad background mode of dipole fluctuations [17]. The collective excitation is not coupled
to the A1g phonons. This fact allows us to subtract the phonons from the original spectra in
order to extract the information about the mode itself [17]. In B1g polarization, the spectrum of
κ-(BEDT-TTF)2Cu[N(CN)2]Br is overall flat with weak phonon bands below 40 cm−1. In contrast,
the spectra of κ-(BEDT-TTF)2Hg(SCN)2Br show the background mode, and asymmetric bands of
phonons at about 40 and 80 cm−1. These asymmetric Fano shape of the phonons evidences for the
coupling of these phonons with the underlying continuum, which makes it challenging to separate the
phonons and the collective mode contributions.

At this point, there are no calculations which address the origin of the excitation observed in the
low-frequency spectra of κ-(BEDT-TTF)2Hg(SCN)2Br, and its assignment to the collective excitation
of dipoles localised on (BEDT-TTF)+1

2 dimers is based on experimental data. Thus, the symmetry
of this excitations, and the involvement of spin excitations are not yet understood. However,
an identification of the phonons which are coupled to this excitation are important. Lattice phonons
can define the formation of a low-temperature state by modulation of transfer integrals which define
magnetic exchange J, as well as the U/t and V/t correlation values which are important for electric
dipole formation.

4. Discussion

We present our results on the Raman spectra of four κ-phase BEDT-TTF-based compounds.
While Raman spectra of these materials are very rich, our discussion focuses on magnetic
Raman excitations. These κ-phase materials have very similar structures of BEDT-TTF layers,
with well-defined dimers of (BEDT-TTF)+1

2 molecules forming frustrated square or anisotropic
triangular lattices. Our data reveal a presence of magnetic Raman excitations in the frequency
range of 50–700 cm−1 in the spectra of AF ordered κ-(BEDT-TTF)2Cu[N(CN)2]Cl, metal with
AF fluctuations κ-(BEDT-TTF)2Cu[N(CN)2]Br, and spin liquid candidate κ-(BEDT-TTF)2Cu2(CN)3.
These excitations can be understood within a model of an AF Mott insulator with S = 1/2.
For κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]Br polarization dependence
supports an approximation of the magnetic structure by a weakly frustrated square lattice. Position of
the continuum of magnetic excitations in the spectral region of around 200-700 cm−1 is in agreement
with the estimate of J of about 250 K. Excitations in κ-(BEDT-TTF)2Cu2(CN)3 spectra are shifted down
in frequency, as expected for a triangular lattice, and are observed down to the lowest measured
frequencies, suggesting a broader continuum than for the other two materials. In addition to a simple
model of S = 1/2 on a triangular lattice with AF nearest neighbor interactions, and a triangular lattice
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with nearest neighbor and ring exchange, a recent work [44] suggested a dynamic low-dimensionality
of the magnetic interactions in κ-(BEDT-TTF)2Cu2(CN)3 as an alternative explanation for the spin
liquid behaviour. One of the ways to distinguish which model describes well κ-(BEDT-TTF)2Cu2(CN)3

is to reproduce the Raman spectra of magnetic excitations for this system. Importantly, all these models
developed for κ-(BEDT-TTF)2Cu2(CN)3 do not include an on-site charge degree of freedom.

Another recently suggested spin liquid candidate which belongs to the family of organic Mott
insulators on a triangular lattice is κ-(BEDT-TTF)2Ag2(CN)3. Magnetic Raman scattering spectra of
this material are presented in Ref. [45], and show a lot of similarity to κ-(BEDT-TTF)2Cu2(CN)3, with a
continuum of magnetic excitations found below about 600 cm−1. These data suggest that this system
also fits into the model of (BEDT-TTF)+1

2 dimer sites with S = 1/2 on a triangular lattice.
Unexpectedly, κ-(BEDT-TTF)2Hg(SCN)2Br shows a completely different spectrum of excitations.

The fact that no continuum of magnetic excitations was found in the spectral range 50–600 cm−1 in its
Raman spectra immediately suggested that a simple description of a Mott insulator with a triangular
lattice of dimer sites with S = 1/2 and J of about 250 K fails in this case. Instead, a collective mode
at much lower energies below 100 cm−1 appears in the low temperature spectra, with polarization
dependence suggesting an electronic origin of the mode. We have shown in Ref. [17] that this mode
is a collective excitation of dipoles fluctuating on (BEDT-TTF)+1

2 dimer sites. An absence of the
two-magnon band is also recorded for κ-(BEDT-TTF)2Hg(SCN)2Cl, a compound basically isostructural
to κ-(BEDT-TTF)2Hg(SCN)2Br but showing a charge ordered state below T = 30 K [17].

A similar picture was observed in the spectra of β′ materials based on the Pd(dmit)2 molecule [46].
While an AF ordered Me4P[Pd(dmit)2]2 and a spin liquid candidate EtMe3Sb[Pd(dmit)2]2 show a
continuum of magnetic excitations in their Raman spectra, it is absent in the spectra of a charge ordered
analog Et2Me2Sb[Pd(dmit)2]2.

To summarize, we demonstrate that magnetic Raman response provides a unique direct measure of
a value of the magnetic exchange J for a number of BEDT-TTF-based materials, and the understanding
of an origin of magnetic excitations in these compounds. It shows that κ-(BEDT-TTF)2Cu[N(CN)2]Cl,
κ-(BEDT-TTF)2Cu[N(CN)2]Br, κ-(BEDT-TTF)2Cu2(CN)3, κ-(BEDT-TTF)2Ag2(CN)3, Me4P[Pd(dmit)2]2,
and EtMe3Sb[Pd(dmit)2]2 are well described by a model of S = 1/2 spins on a square or triangular
lattice. In contrast, κ-(BEDT-TTF)2Hg(SCN)2Br, κ-(BEDT-TTF)2Hg(SCN)2Cl, and Et2Me2Sb[Pd(dmit)2]2

posses an active intra-dimer charge degree of freedom, the presence of which completely changes the
magnetic excitation spectra. The fluctuating charge degree of freedom in a quantum spin liquid is
suggested to produce a new kind of spin liquid in a presence of charge-spin coupling [18,20].
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