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(BEDT-TFF)2I3 charge transfer salts are reported to show superconductivity and pressure-induced quasi-two-
dimensional Dirac cones at the Fermi level. By performing state of the art ab initio calculations in the framework
of density functional theory, we investigate the structural and electronic properties of the three structural phases
α, β, and κ . We furthermore report about the irreducible representations of the corresponding electronic band
structures, symmetry of their crystal structure, and the origin of band crossings. Additionally, we discuss the
chemically induced strain in κ-(BEDT-TTF)2I3 achieved by replacing the iodine layer with other halogens:
fluorine, bromine, and chlorine. In the case of κ-(BEDT-TTF)2F3, we identify topologically protected crossings
within the band structure. These crossings are forced to occur due to the nonsymmorphic nature of the crystal.
The calculated electronic structures presented here are added to the organic materials database (OMDB).

DOI: 10.1103/PhysRevB.96.125135

I. INTRODUCTION

Organic charge transfer salts, and especially
(BEDT-TTF)2I3 and its derivatives, have attracted the
research community for almost half a century [1–3].
Depending on the structural phase, the main reasons lie in
the existence of strong many-body correlation effects due to
flat bands and the opportunity of tuning the band structure by
applying pressure due to the softness of the material. To date,
(BEDT-TTF)2I3 was synthesized in five different structural
phases, the α, β, κ , θ , and λ phases [4–7], where the α, β,
and κ phases attracted the majority of the attention. Other
related compounds such as κ-(BEDT-TTF)2Cu2CN3 have
been discussed with regard to magnetic frustration in quantum
spin liquids [8].

The α-phase represents a narrow band-gap semiconductor
at ambient pressure [9] showing charge ordering as inves-
tigated by synchrotron x-ray diffraction measurements [10].
Under high pressure, it was reported that α-(BEDT-TTF)2I3

exhibits a transition to a semimetallic phase having tilted
Dirac crossings within the band structure [2,11–16]. The
physics of Dirac materials, i.e., materials where elementary
excitations behave as effective Dirac particles [17], has been
of major interest during past decades. However, besides
theoretical predictions [18,19], α-(BEDT-TTF)2I3 under high
pressure is one of the few nonplanar organic Dirac materials
known to date. Furthermore, for the high-pressure phase,
superconductivity was observed with a transition temperature
of 7 K [20]. Besides applying pressure, metallic conductiv-
ity can be achieved by illuminating the crystal with light
[21].

In contrast to the α phase, β-(BEDT-TTF)2I3 and
κ-(BEDT-TTF)2I3 are metallic. Superconductivity of the β

phase was reported to depend drastically on the applied
pressure having transition temperatures up to about 8 K
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[22–26]. The superconducting transition temperature of the
κ phase at ambient pressure is approximately 3.4 K [7,27].
Molecular modifications of the material can increase the
transition temperature to 10.4 K [28].

Electronic structure calculations of the different phases
based on tight binding have been reported before [7,16].
The influence of uniaxial strain and the charge ordering in
the α phase were also widely investigated using ab initio
methods, e.g., by Kino and Miyazaki [29] or Alemany et al.
[30]. Correlation effects of the electrons, e.g., to describe the
charge ordering in the α phase, were discussed in terms of
the Hubbard model [31]. In the first part of the paper, we
present and review electronic structure calculations for α,
β, and κ-(BEDT-TTF)2I3 obtained by ab initio calculations
based on density functional theory [32–34]. Our results
complement band structure calculations performed so far by
adding detailed information of the symmetry of the states in
terms of the irreducible representations. This information is
important for the discussion of the gap closing in the high-
pressure phase of α-(BEDT-TTF)2I3 and for the investigation
of line nodes occurring on the Brillouin zone boundary of
κ-(BEDT-TTF)2I3. In the second part, we investigate the
influence of applying chemically induced strain to the κ phase
of (BEDT-TTF)2I3. This is achieved by means of replacing
iodine atoms by fluorine, chlorine, and bromine. It turns out
that for fluorine, significant changes can be observed that are
conducive for the formation of Dirac nodes slightly above the
Fermi level. These crossings are formed by bands belonging
to different irreducible representations, usually referred to as
accidental crossings [35]. However, as we show in the present
case, the occurrence of these crossings is not accidental but
is connected to the ordering of states at the � point and
mediated by the connectivity of bands within the Brillouin
zone. This finding contributes to the ongoing discussion about
topological band theory [36]. Furthermore, all calculated
electronic structures presented here are added to the organic
materials database (OMDB) [37], which is freely accessible at
http://omdb.diracmaterials.org.
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II. COMPUTATIONAL DETAILS

Calculations were performed in the framework of the den-
sity functional theory [32–34] by applying a pseudopotential
projector augmented-wave method [38–41], as implemented
in the Vienna Ab Initio Simulation Package (VASP) [42–45]
and the QUANTUM ESPRESSO code [46]. The exchange-
correlation functional was approximated by the generalized
gradient approximation according to Perdew, Burke, and
Ernzerhof [47] (PBE). The structural information was taken
from the Cambridge Structural Database (CSD) [5–7,48] and
transferred into POSCAR files using VESTA (VISUALIZATION

FOR ELECTRONIC AND STRUCTURAL ANALYSIS) [49].
Within VASP, the precision flag was set to “normal,”

meaning that the energy cutoff is given by the maximum of the
specified maxima for the cutoff energies within the POTCAR
files (for example, for carbon this value is given by 400 eV).
The calculations were performed spin polarized but without
spin-orbit coupling, which is a reasonable approximation due
to the light elements within the (BEDT-TTF)2I3 molecule.
For the integration in �k space, a 6 × 6 × 6 �-centered mesh
according to Monkhorst and Pack [50] was chosen during the
self-consistent cycle. A structural optimization was performed
using VASP by allowing the ionic positions, the cell shape,
and the cell volume to change (ISIF = 3). The structural
optimization was performed in two ways: First, using the PBE
exchange correlation functional and, second, by additionally
incorporating van der Waals corrections to the total energy
according to [51–55] (PBE+VdW). Quantum ESPRESSO was
applied to estimate the associated irreducible representations
of the energy levels within the band structure. The cutoff
energy for the wave function was chosen to be 48 Ry and
the cutoff energy for the charge density and the potentials was
chosen to be 316 Ry. The calculated band structures using
VASP and QUANTUM ESPRESSO are in perfect agreement.

III. CRYSTAL STRUCTURE AND SYMMETRY

Pictures of the crystal structures and the molecular ordering
within the unit cells of α-, β- and κ-(BEDT-TTF)2I3 are
provided in Fig. 1. The α and β phases of (BEDT-TTF)2I3

crystallize in a triclinic crystal structure, having the space
group P 1 (#2). Since for every space group G, the group of
primitive lattice translations T forms an invariant subgroup,
G can be represented in terms of a coset decomposition with
respect to T . In the case of P 1 only two coset representatives
are present, which are the identity E and the inversion I ,

P 1 = ET + IT . (1)

That is, the corresponding space group, (G,�), expressed as a
union of the cosets, is

G = T ∪ {I |(0,0,0)} � T .

The κ-phase crystallizes in a monoclinic crystal structure
having the space group P 1211 (#4), which can be represented
by

P 1211 = ET + {C2y |(0,1/2,0)}T . (2)

Here, {C2y |(0,1/2,0)} denotes a screw, represented by a
twofold rotation about the y axis together with a nonprimitive

BEDT-TTF molecule
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α-(BEDT-TTF)2I3 β-(BEDT-TTF)2I3 κ-(BEDT-TTF)2I3

FIG. 1. Crystal structure for different structural phases of
(BEDT-TTF)2I3. (a) Molecular ordering for the α, β, and κ phases.
(b) Layered structure of α-(BEDT-TTF)2I3 [49].

shift along the lattice vector �a2. The translation group T in
Eqs. (1) and (2) is not similar since it depends on the individual
lattice.

Even though α-, β-, and κ-(BEDT-TTF)2I3 are three-
dimensional crystals, the crystal structures exhibit a stacking
of (BEDT-TTF)2I3 layers separated by iodine atoms (see Fig. 1
for α phase). Whereas the electron hopping is reasonably
strong between molecules within each layer, the interlayer
coupling is weak, leading to a quasi-two-dimensional (quasi-
2d) band structure [56]. The individual lattice parameters for
the three phases before and after the structural optimization
using VASP are shown in Table I.

Starting from the experimental lattice parameters and
atomic coordinates, each phase was allowed to relax using
forces calculated from first principles. The κ phase was relaxed
until the magnitude of force components on each atom was less
than 0.05 eV/Å. The final calculated pressure was of the order
of 0.2 kbar. The relaxations carried out using VASP (ISIF =
3) did not alter the crystalline symmetry. In comparison to the
experimental values, the unit cell volume was increased for
both, the standard PBE run and PBE + VdW.
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TABLE I. Experimental and computational lattice constants of
α-, β- and κ-(BEDT-TTF)2I3. The experimental lattice constants
were used as a starting configuration for the structural optimization.

a b c α β γ

α phase (PBE) 9.16 10.77 17.54 96.73 97.58 91.47
β phase (PBE) 6.91 9.79 15.82 90.7 93.1 109.2
κ phase (PBE) 16.86 9.39 13.53 90.0 105.2 90.0
α phase (PBE+VdW) 9.15 10.75 17.53 96.50 97.76 90.64
β phase (PBE+VdW) 6.56 9.12 15.33 94.96 96.93 110.61
κ phase (PBE+VdW) 16.50 8.48 12.89 90.00 108.86 90.00
α phase (exp.) [5] 9.07 10.72 17.40 96.6 97.8 91.1
β phase (exp.) [6] 6.59 9.04 15.20 94.9 95.7 110.0
κ phase (exp.) [7] 16.43 8.68 13.06 90.0 107.9 90.0

IV. ELECTRONIC STRUCTURE OF (BEDT-TTF)2I3

The results of the electronic structure calculations for the
three investigated structural phases of (BEDT-TTF)2I3 are
shown in Fig. 2. As can be verified in the density of states
for all phases, the main contribution to the electronic states
close to the Fermi level comes from the p electrons of sulfur
and carbon. In general, the DFT calculations reveal the charge
transfer nature of the compound where sulfur and hydrogen
donate charge whereas carbon and iodine accept charge, giving
charge differences in the range of 0.2–0.4 electrons per site.

The equilibrium band structure of the α phase shows an
indirect narrow band gap in the order of 0.05 eV. Except
at the � point, the little co-group of each �k point within
the interior of the Brillouin zone [57] is given by the
trivial group, i.e., the group containing the identity only
[58,59]. Hence, states belonging to each band within the
interior transform as the identity representation. A distinction
between even (Ag) and odd (Au) states with respect to
the inversion can only be made on the � point and other
high-symmetry points on the Brillouin zone boundary. Under
high pressure, α-(BEDT-TTF)2I3 establishes a tilted linear
crossing of bands as can be seen in Fig. 3. The picture illustrates
the band structure of α-(BEDT-TTF)2I3 under a pressure of
1.76 GPa. The related lattice constants were chosen according
to Ref. [15]. This crossing occurs even though both touching
bands transform as the same irreducible representation and
hybridization should be expected. The (tilted) Dirac point in
Fig. 3 is located at �k1 = (−0.225,0.35). Such band crossings
(or contacts) can happen in two-dimensional systems at a
general (incommensurate) �k point with the contact satisfying
a feasibility (or generalized von Neumann–Wigner) condition,
as discussed in Ref. [60]. As a consequence of the crystalline
symmetry, a second Dirac crossing can be observed at the in-
verted �k point �k2 = (0.225,−0.35). The high-symmetry points
Y and S denote �kY = (0.0,0.5,0.0) and �kS = (−0.5,0.5,0.0),
respectively.

Since the β phase has the same space group symmetry as the
α phase, the same kinds of irreducible representations occur
on the energy bands. However, as can be seen in Fig. 2, the
band structure and density of states clearly show a metallic
material. The density of states of the β phase remains almost
constant for energies above the Fermi level.

A metallic behavior is also found for the κ phase. However,
due to the nonsymmorphic space group, degeneracies of
energy bands can be observed at the Brillouin zone boundary
belonging to pairs of complex conjugate one-dimensional
irreducible representations [57]. These degenerate states can
be referred to as line nodes protected by the crystalline
symmetry [18]. Regarding the path �Y in the Brillouin zone,
wave functions can transform either as even (A) or odd (B)
under the twofold rotation. However, at the point Y one even
and one odd band have to merge. This leads to a general pattern
within the band structure of materials having the space group
P 1211 showing pairs of bands sticking together.

V. CHEMICAL STRAIN-INDUCED CHANGES

The (BEDT-TTF) layers and the anion layer are stacked
alternately in these materials and the latter is thought to
be insulating. The bands near the Fermi level are mostly
originating from (BEDT-TTF) layers. In the κ phase, there
is a set of bonding (occupied) and antibonding (partially
occupied) bands in the vicinity of the Fermi level. We have
examined the role of the anion layer as follows. The κ phase
of (BEDT-TTF)2I3 was studied by replacing all the iodine
atoms with another halogen atom, namely bromine, chlorine,
and fluorine. These atoms are isovalent and smaller in size
compared to iodine and hence can induce chemical strains.
Such chemical substitutions could be regarded as giving rise
to a compression of the original unit cell containing iodine.
We have monitored the relaxed volumes of the unit cell
under such substitutions and found a steady decrease in the
volume of the unit cell under the progressive substitutions
I → Br → Cl → F (see Table II). This volume contraction
is noticeably stronger with the inclusion of VdW forces. In
addition, for bromine and chlorine substitutions, main features
of the band structure, such as the (filled) bonding and (partially
filled) antibonding combinations near the Fermi level, appear
qualitatively unchanged compared to Fig. 2. The band widths
are slightly enhanced, as one might expect, due to volume
contraction.

However, with the κ-phase fluorine substitution, there are
significant changes in the unit cell volume and band structure
around the Fermi level as can be seen in Table II and Fig. 4.
The unit cell volume has decreased to about 80% of what it was
with iodine. This is not completely unexpected since fluorine is
the smallest halogen atom. It appears that the aforementioned
bonding and antibonding set of bands has been shifted up with
respect to the Fermi level. During the self-consistent iterations
with structural relaxations, the system appears to go through a
metastable magnetic phase. However, the completely relaxed
structure shows no net magnetic moment while, after full
relaxation, the forces on each atom are less than 0.05 eV/Å.
These results are quite relevant and interesting in the context of
magnetism, quantum spin liquids, and strong correlations since
some of the bands that crossed the Fermi level are quite flat and
hence have peaks in the density of states. In addition, it shows
that controlling and tuning the anion part of this molecule can
give rise to many fascinating phenomena, as discussed in some
recent publications [2,3].

In addition to a shift of the bands, a change of the
ordering of the levels at the � point occurs, highlighted in
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FIG. 2. Band structure, irreducible representations, and density of states of α-, β- and κ-(BEDT-TTF)2I3. The Brillouin zones are plotted in
units of the reciprocal lattice vectors and show the paths for the band structure calculations. The orange plane in panel (d) indicates the region
for the band structure plot in Fig. 3. (a) α-phase band structure and DOS. (b) β-phase band structure and DOS. (c) κ-phase band structure and
DOS. (d) Triclinic Brillouin zone. (e) Monoclinic Brillouin zone.

pink in Fig. 4. Considering the four bands closest to the
Fermi level for κ-(BEDT-TTF)2I3 as shown in Fig. 2, the

FIG. 3. Tilted linear crossing within the band structure of
α-(BEDT-TTF)2I3 under a pressure of 1.76 GPa. The plot region
within the Brillouin zone is shown in Fig. 2.

irreducible representations at � have the ordering A

(−0.50 eV), B (−0.27 eV), A (−0.24 eV), B (0.27 eV).
However, for κ-(BEDT-TTF)2F3 an ordering A (−0.06 eV),
A (−0.03 eV), B (0.37 eV), B (0.62 eV) is observed. Since
always even and odd bands are merging at the Brillouin zone
boundary (e.g., at Y ) a crossing of an A and a B band is forced
to occur, e.g., on the path �Y . Such topological crossings
were discussed before in Refs. [18,19,36,61,62]. Following
the scope of Ref. [18], it is possible to introduce a topological
invariant

n ≡ 1

2

2∑

i=1

χi
�(C2y) (mod 2), (3)

where the sum runs over the lower two bands and χi
�(C2y)

denotes the characters of C2y of the associated irreducible
representations of these bands at the � point. The trivial case
n = 0 is present for κ-(BEDT-TTF)2I3, whereas the nontrivial
case n = 1 is found for κ-(BEDT-TTF)2F3. Hence, the band
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TABLE II. Computed lattice constants of κ-(BEDT-TTF)2X3, with X denoting F, Cl, and Br. Experimental lattice constants of
κ-(BEDT-TTF)2I3 were used as a starting configuration for the structural optimization. Lattice parameters are given in Å. VX/VI denotes
the ratio of the cell volume with respect to κ-(BEDT-TTF)2I3 according to Table I.

a b c α β γ VX/VI (%)

κ-(BEDT-TTF)2F3 (PBE) 14.82 8.59 12.17 90 110.49 90.0 81.25
κ-(BEDT-TTF)2Cl3 (PBE) 16.09 8.75 12.98 90.0 107.89 90.0 98.14
κ-(BEDT-TTF)2Br3 (PBE) 16.35 8.72 13.05 90.0 108.18 90.0 99.78
κ-(BEDT-TTF)2F3 (PBE+VdW) 14.86 8.62 11.22 90.0 102.52 90.0 82.19
κ-(BEDT-TTF)2Cl3 (PBE+VdW) 15.88 8.45 12.80 90.0 108.60 90.0 95.30
κ-(BEDT-TTF)2Br3 (PBE+VdW) 16.19 8.47 12.89 90.0 109.35 90.0 97.66

crossing corresponds to a topologically protected Dirac point.
By changing the Fermi level, e.g., by doping or gating, a Dirac
semimetal state could be achieved.

VI. CONCLUSIONS

Using first principles electronic structure methods, we have
studied the α, β, and κ phases of (BEDT-TTF)2I3 organic
charge transfer salts. We performed structural optimization
on all lattices. The computational lattice parameters changed
by at most 8.3% from experiment to relaxation, with the β

phase showing the largest change in lattice parameter size.
The α and the β phase of (BEDT-TTF)2I3 crystallize in a
triclinic crystal structure having the space group P 1 (#2). We
calculated the band structures and identified the associated
irreducible representations (even and odd with respect to
inversion symmetry). Our α-phase band structure revealed
an indirect band gap of 0.05 eV. In comparison, the band
structure for the β phase revealed bands crossing the Fermi
level, suggesting it behaves as a metal. For the β phase,
we discovered a flat density of states above its Fermi level
similar to a noninteracting Fermi gas. The κ phase crystallizes
in a monoclinic crystal structure having the nonsymmorphic
space group P 1211 (#4). Because of that, degeneracies of
energy bands can be observed at the Brillouin zone boundary

FIG. 4. Band structure, irreducible representations, and density
of states for κ-(BEDT-TTF)2F3. Path �Y is highlighted in pink.

belonging to pairs of complex conjugate one-dimensional
irreducible representations. These degenerate states can be
referred to as line nodes protected by its crystalline symmetry.
By replacing the iodine layer with other halides (F, Cl, Br), the
band structure can be tuned by means of chemical strain. In
this context, we have discovered that chemical substitution
of the κ phase from iodine to fluorine mimics applied
pressure. With fluorine substitution, the unit cell volume
decreased by about 20% compared to iodine. Its bonding and
antibonding set of bands has been shifted up with respect to
the Fermi level. In addition, we have identified a topologically
protected Dirac point here. The bands that crossed the Fermi
level are quite flat and hence have peaks in the density
of states. This suggests an enhancement of strong electron
correlations.

Organic materials based on BEDT-TTF show great po-
tential in fine-tuning specific band structures near the Fermi
level due to their softness. Our research shows that applying
chemical strain to the κ phase can create strong electron
correlations due to the flatness of its band structure. The
calculated electronic structures of the α, β, and κ phase of
(BEDT-TTF)2I3 presented here will be added to the organic
materials database (OMDB) [37], which is freely accessible at
http://omdb.diracmaterials.org.
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