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Dirac and Weyl point- and line-node semimetals are characterized by a zero band gap with simultane-
ously vanishing density of states. Given a sufficient interaction strength, such materials can undergo an
interaction instability, e.g., into an excitonic insulator phase. Due to generically flatbands, organic crys-
tals represent a promising materials class in this regard. We combine machine learning, density functional
theory, and effective models to identify specific example materials. Without taking into account the effect
of many-body interactions, we found the organic charge transfer salts [bis(3,4-diiodo-3′,4′-ethyleneditio-
tetrathiafulvalene), 2,3-dichloro-5,6-dicyanobenzoquinone, acetenitrile] [(EDT-TTF-I2)2](DDQ) · (CH3CN)
and 2, 2′, 5, 5′-tetraselenafulvalene–7, 7, 8, 8-tetracyano-p-quinodimethane (TSeF-TCNQ) and a bis-1,2,3-
dithiazolyl radical conductor to exhibit a semimetallic phase in our ab initio calculations. Adding the effect
of strong particle-hole interactions for (EDT-TTF-I2)2(DDQ) · (CH3CN) and TSeF-TCNQ opens an excitonic
gap on the order of 60 and 100 meV, which is in good agreement with previous experiments on these materials.

DOI: 10.1103/PhysRevB.102.205134

I. INTRODUCTION

Semimetals have attracted huge attention due to their strik-
ing transport properties, analogies to high-energy physics
phenomena, and potential for functionalization [1–3]. Their
realization relies on a delicate combination of symmetry, elec-
tron filling, and band ordering enforcing the existence of the
nodes in the band structure at the chemical potential while
having a vanishing density of states (DOS) at the crossing
point [4–6]. It has been shown extensively for the case of
Dirac semimetals that under a sufficiently high interaction
strength a dynamical mass term can be generated leading
to a quantum phase transition into a gapped phase [7–10].
This quantum phase transition strongly depends on: (i) The
effective fine-structure constant αeff , describing the ratio of
the coupling of the fermion field to its gauge field versus
the kinetic energy; (ii) the dimension of the system; (iii) the
number of fermionic flavors. Similar phenomena where also
discussed in the case of Weyl semimetals [11,12] and line-
node semimetals [5,13,14].

With the goal of identifying experimentally feasible mate-
rials to investigate interaction effects in nodal semimetals we
focus on organic crystals. Organic crystals typically exhibit
strong intramolecular forces and weak intermolecular forces,
leading to tiny hopping amplitudes for electrons between
molecules and resulting flat electronic bands. The flatness
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corresponds to a tiny quasiparticle kinetic energy and domi-
nant interaction effects. We focus on the excitonic insulator
state occurring when a weakly screened Coulomb interaction
between a hole and an electron leads to an electron-hole bound
state [15,16].

Even though organics seem to be promising materials for
strong interaction effects, we face several major difficulties:
(i) The search space is massive, e.g., the crystallographic open
database stores ≈200 000 crystal structures containing carbon
and hydrogen [17]; (ii) organics are typically large band-gap
insulators [18]; (iii) complex unit cells and strong correlation
effects are challenging for an ab initio description. Hence,
we apply the following procedure: First, we apply machine
learning (ML) to narrow down the search space to a computa-
tionally feasible set of materials which are predicted to show a
tiny band gap; second, using density functional theory (DFT)
we compute the band structures for these materials; third, we
select the occurring semimetals, construct effective electronic
models, and numerically solve a self-consistent Schwinger-
Dyson equation to estimate the size of an excitonic gap.

II. RESULTS

The general workflow of our paper can be summarized as
follows.

(1) Machine learning. We trained a neural network (the
continuous-filter convolutional neural network scheme—
SCHNET [19]) on 24 134 band gaps of nonmagnetic materials
taken from the Organic Materials Database (OMDB) [18]. We
applied the model to 202 117 materials containing carbon
and hydrogen stored in the crystallographic open database
(COD) [20].

(2) Band structure calculations. We select 414 materials
where the band gap is predicted small but nonzero
(0.01 � � � 0.4 eV) and perform medium accuracy ab
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FIG. 1. Machine learning predictions of electronic band gaps
using the continuous-filter convolutional neural network scheme—
SCHNET. (a) Band-gap statistics of the initial OMDB data (≈2 × 104

materials, count on the left) and the predicted gaps (≈2 × 105 ma-
terials, count on the right); (b) performance of SCHNET on the test
set.

initio calculations using the Vienna ab initio simulation
package (VASP) incorporating the effect of spin-orbit
interaction (SOI). Note that all calculations stored within
the OMDB were performed without SOI. Out of the 414
materials we found promising features in the band structures
for nine materials. For these nine materials we performed
high-accuracy VASP calculations taking into account structural
optimization and SOI. We found the organic charge-transfer
salts [bis(3,4-diiodo-3′,4′-ethyleneditio-tetrathiafulvalene),
2,3-dichloro-5,6-dicyanobenzoquinone, acetenitrile] [(EDT-
TTF-I2)2](DDQ) · (CH3CN) and 2, 2′, 5, 5′-tetraselenaful−
valene–7, 7, 8, 8-tetracyano-p-quinodimethane (TSeF-
TCNQ) and a bis-1,2,3-dithiazolyl radical conductor which
exhibit a semimetallic phase. Based on symmetry and
chemistry we determine the relevant mechanisms to protect
the nodal features.

(3) Effective models and excitonic gap. We construct an
effective model for (EDT-TTF-I2)2(DDQ) · (CH3CN) and
TSeF-TCNQ using QSYMM [21] and GTPACK [22,23]. We
solve a self-consistent excitonic gap equation, assuming a
s-wave gap.

We will discuss the outcome of the three steps in more
detail in the following.

A. Machine learning

According to the OMDB, organic crystals show a mean
ab initio band gap of ≈3 eV with a standard deviation of
1 eV [18]. Figure 1(a) shows a comparison of the band-gap
distribution of the training set with the band-gap distribution
obtained using ML. Although the amount of data is much
bigger for the materials taken from the COD, the general
shape of the histogram of calculated and predicted gaps agrees
well, i.e., the ML model successfully reproduced the band-gap
statistics. Due to the highly complex structures of organic
crystals and the relatively small data set, our trained ML
model has a large mean absolute error (MAE) of 0.406 eV.
Compared to the average band gap of ≈3 eV, this value rep-
resents a sufficient accuracy. However, as we are interested
in the tiny gap regime, the order of the MAE is similar to
our acceptance range 0.01 eV � � � 0.4 eV. Nevertheless,
the general guidance of our model was sufficient to identify a
few final example materials. We note that a more sophisticated

prediction scheme reaching a high accuracy on small and
complex data sets would significantly advance the outcome
of our approach in the future.

B. Band-structure calculations

We verified the effect of SOI on the 414 predicted tiny
gap materials. Our calculations revealed nine materials which
exhibit nodes in their electronic band structure close to the
Fermi level (respective COD IDs [20] are 1508 451, 2100 065,
2101 483, 4114 836, 4324 376, 4334 234, 4506 562, 7014 584,
and 7106 265; see Appendix A). After performing a structural
optimization, only three materials remain candidates for or-
ganic molecular semimetals: the organic charge-transfer salts
(EDT-TTF-I2)2(DDQ) · (CH3CN) (1508 451), TSeF-TCNQ
(2101 483), and the bis-1,2,3-dithiazolyl radical (7106 265)
(COD IDs given in brackets). The crystal and electronic struc-
tures are shown in Fig. 2 [24].

(EDT-TTF-I2)2(DDQ) · (CH3CN) crystallizes in a tri-
clinic lattice with space-group P1 (2). The synthesis and
characterization is described in Ref. [25] where indications
towards (EDT-TTF-I2)2(DDQ) · (CH3CN) being a semicon-
ductor with a conductivity gap of 1220 K (≈105 meV) were
reported.

Synthesis and characterization of the organic charge-
transfer salt TSeF-TCNQ can be found in Refs. [26,27]. The
material crystallizes in the monoclinic space-group P21/c
(14) where TSeF and TCNQ molecules arrange in a seg-
regated stack structure, known to mediate conductivity in
organic salts [28]. The material exhibits a metallic high-
temperature phase with a metal to insulator transition at
temperatures of ≈40 K [29].

The ABABAB π -stacked bis-1,2,3-dithiazolyl radical was
synthesized by Yu et al. [30]. It crystallizes in the non-
centrosymmetryc space-group P212121 (19) and orders in a
canted antiferromagnetic structure with TN ≈ 4.5 K. It was
reported to undergo a spin-flop transition to a field-induced
ferromagnetic state at 2 K and a magnetic-field strength of
H ≈ 20 kOe.

For all materials the calculated crossing points occur
at the Fermi level with simultaneously vanishing DOS.
The selected �k path follows the convention of pymatgen
[31]. (EDT-TTF-I2)2(DDQ) · (CH3CN) shows a crossing of
four bands at the Brillouin-zone center [�; Fig. 2(d)] ex-
hibiting a tiny splitting of two twofold band degeneracies
away from � due to a small magnetization of two cen-
tral carbon atoms with ≈0.65μB. For (TSeF-TCNQ) we
observe eightfold degenerate Dirac nodes along the paths
MD [M = (0.5, 0.44, 0.6), D = (0.5, 0.0, 0.5); in units of the
reciprocal basis vectors}] and DR [D = (0.5, 0.0, 0.5), R =
(0.5, 0.5, 0.5)] as well as at the corresponding symmetry
partners. These nodes belong to line nodes passing through
the Brillouin zone as shown in the density plot of Fig. 2(e).
Our DFT calculations give a zero magnetization for all sites
within the (TSeF-TCNQ) unit cell. For the π -stacked bis-
1,2,3-dithiazolyl radical we find a twofold degenerate Weyl
node within the ferromagnetic phase along the path �X [X =
(0.5, 0.0, 0.0)], Fig. 2(f). A comparison with the metallic
band structure of the nonmagnetic and the fully gapped band
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FIG. 2. (a)–(c) Crystal and molecular structures of (EDT-TTF-I2)2(DDQ) · (CH3CN) (COD ID: 1508 451), TSeF-TCNQ (COD ID:
2101 483), and bis-1,2,3-dithiazolyl (COD ID: 7106 265). The corresponding band structures are shown in (d)–(f). (d) (EDT-TTF-I2)2(DDQ) ·
(CH3CN) has a fourfold degenerate Dirac node at the Brillouin zone center (�). (e) (TSeF-TCNQ) shows pairs of line nodes passing through
the Brillouin zone. (f) bis-1,2,3-dithiazolyl has a Weyl node along the path �X and corresponding symmetry partners for the ferromagnetic
phase.

structure of an antiferromagnetic phase can be found in
Appendix B.

1. Protection of the nodes

To understand the nature of the crossings observed in the
electronic band structures we are going to discuss the symme-
try protection of the nodes. In Fig. 3 we show the molecule
resolved partial DOS of (EDT-TTF-I2)2(DDQ) · (CH3CN).
Although there are in total four (EDT-TTF-I2)2 molecules
and two DDQ and CH3CN molecules in the unit cell, the
inversion symmetry present in the crystal enforces pairwise
degenerate contributions to the DOS. As can be verified, the
main contribution to the DOS around the Fermi energy stems
from (EDT-TTF-I2)2. Due to the specific stacking structure,
molecules in charge-transfer salts are known to undergo a
transition into a dimerized electronic state where molecular
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FIG. 3. Molecule resolved density of states of
(EDT-TTF-I2)2(DDQ) · (CH3CN). Although there are four
(two) EDT-TTF-I2 [(DDQ) · (CH3CN)] molecules in the unit cell,
inversion symmetry leads to a pairwise equivalent DOS. The main
contribution around the Fermi level is provided by EDT-TTF-I2.

orbitals of pairs of molecules bind significantly stronger to
each other than to other molecules in the crystal [25,32,33].
In other words, we can introduce three energy scales: (i)
the hopping ταβ of electrons between atoms α, β within a
molecule; (ii) the hopping tμν of electrons between molecules
μ, ν within a molecular dimer; (iii) the hopping si j of elec-
trons between different dimers i, j. In the limit of si j � tμν �
ταβ , the problem can be separated. Assume that the Hamilto-
nian describing a EDT-TTF-I2 reveals an electronic ground
state with a s-like molecular orbital. Then, the Hamiltonian
describing the dimerization can be written as Ĥ = τ	̂†σx	̂

with 	̂ = (ĉ1, ĉ2), where ĉ†
i (ĉi ) creates (annihilates) an elec-

tron in molecule i. Hence, the two eigenstates are given by
φ± = 1√

2
(ĉ1 ± ĉ2) with the respective energies ±τ . In the

crystalline unit cell these dimer states can be used to construct
a basis where the φ± are even (+) and odd (−) with respect to
inversion symmetry. Furthermore, taking the center of masses
of the (EDT-TTF-I2)2 dimers, the resulting lattice [without
(DDQ) · (CH3CN)] can be approximated by a reduced lattice
with one dimer site per unit cell where the lattice constant in
the �a direction is decreased by a factor of 1

2 . This decrease
in the unit cell also introduces an effective half-filling as
the initial space group symmetry is P1, which according to
its associated Bieberbach manifold is half-filled for an odd
number of electrons [34]. The half-filling together with the
effective bipartite lattice introduces (besides parity and time
reversal) a particle-hole symmetry. Considering a four-band
model with two orbital and two spin degrees of freedom we
obtain the following effective �k · �p Hamiltonian around the �

point (see the Methods section for details),

Heff ≈
3∑

i=1

[aiτ1σ1ki + biτ1σ2ki]. (1)

The Hamiltonian reveals a symmetry protected fourfold de-
generate Dirac node at the center of the Brillouin zone. By
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FIG. 4. Effective model for weakly interacting chains in TSeF-
TCNQ. (a) center of masses of TSeF and TCNQ in the unit cell,
forming one-dimensional chains in the �b direction. (b) and (c) illus-
trates the tilted stacking of molecules leading to a vanishing hopping
amplitude between different chains. (d) and (e) show effective band
structures without and with weak interchain hopping.

lattice symmetry this node does not carry any topological
charge according to the Nielsen-Ninomiya theorem [35,36].

In general, the underlying space-group symmetry for
(TSeF-TCNQ) (P21/c) does not allow for the high degeneracy
of the nodal line observed. The nature of the crossing stems
from the quasi one-dimensional nature of the charge transfer
salt due to the specific molecular stacking. In Fig. 4(a) we
show the center of mass coordinates of the involved molecules
which form weakly interacting one-dimensional chains. Each
chain can be approximated to have a dispersion relation of
Eμσ = sμ

0 + 2sμ
1 cos �a2 · �k, with μ being the molecule index

distinguishing between TSeF and TCNQ and σ denoting the
spin (note that the dispersion relation itself is independent
of the spin). As there are two TSeF chains as well as two
TCNQ chains present in the crystal, we observe two fourfold
degenerate bands (two chains × two spins per molecule)
which are allowed to cross in a plane if no hybridization is
taken into account [see Fig. 4(d)]. From the tilted stacking
of molecules in the different chains [shown in Figs. 4(b)
and 4(c)] it becomes apparent that the involved hopping of
electrons between different chains (interchain coupling) has to
be weaker by several orders of magnitude than the intrachain
coupling (see also fitted parameters in the Methods section).
In the basis 	̂ = (ĉTSeF-1σ , ĉTCNQ-1σ , ĉTSeF-2σ , ĉTCNQ-2σ )T and
allowing for a hopping between chains we formulate an effec-
tive Hamiltonian of the form

Hσ (�k) =

⎛
⎜⎝

ETSeFσ �1 �2 0
�1 ETCNQσ 0 �3

�2 0 ETSeFσ �1

0 �3 �1 ETCNQσ

⎞
⎟⎠, (2)

where we use �1 = t1 cos ( 1
2 �a1 · �k), �2,3 =

t2,3 cos ( 1
2 (�a2 + �a3) · �k) . An example band structure for

t1 �= t2 �= t3 ≈ 10−2sμ
1 is shown in Fig. 4(e) which reproduces

the ab initio band structure of Fig. 2(e) effectively. A slightly
more advanced effective Hamiltonian is described in the
Methods section.

FIG. 5. Atomic species contributing to the formation of Weyl
nodes in bis-1,2,3-dithiazolyl.

The radical bis-1,2,3-dithiazolyl exhibits Weyl nodes for
the low-temperature high-field ferromagnetic phase. Hence,
time-reversal symmetry is broken, and the crystal reflects a
magnetic space-group symmetry, depending on the magneti-
zation direction. Assume we choose the magnetization in the
x direction then the corresponding group is given by P212′

12′
1

(No. 19.27). To verify that the observed nodes are Weyl nodes
we calculated the atom and orbital resolved weights to the
band structure. We observe that the two bands forming the
node belong to different atoms in the molecules within the unit
cell. The main contributions stem from either the unsaturated
nitrogen and the oxygen atom or the saturated nitrogen and
one sulfur atom as shown in Fig. 5. Hence, we conclude that
the bands belong to different orbital subspaces allowing for
a crossing. In symmetry terms the two orbitals correspond to
bands with different eigenvalues to the only unitary symme-
try element present (C2x, 1/2, 1/2, 0) along the invariant line
kx. Hence, a two-band �k · �p Hamiltonian at a crossing point
has to be invariant under the Pauli matrix τx, H (kx, ky, kz ) =
τxH (kx,−ky,−kz )τx. This results in an allowed low-energy
Hamiltonian H ( �K± + �k) ≈ ±txkxτx + tykyτy + tzkzτz at two
points �K± along the x axis. Both points reveal a monopole
charge of ν± = sgn[±txtytz].

C. Effective models and excitonic gap

To explain the discrepancy between DFT semimetal-
lic phases and experimentally observed semiconductivity in
(EDT-TTF-I2)2(DDQ) · (CH3CN) and (TSeF-TCNQ) we ar-
gue that both systems are likely to undergo an excitonic
instability. Compared to known inorganic Dirac or Weyl
semimetals, the bandwidth of all three materials discussed
here is smaller by, at least, one order of magnitude. As the
decreased bandwidth induces a small Dirac velocity (small
kinetic energy) of the elementary excitations of the system, we
verify that a quasiparticle interaction term becomes dominant.
We estimate the size of the effect using effective band-
structure models. For (EDT-TTF-I2)2(DDQ) · (CH3CN) we
extended the model given in (1) to a lattice periodic version
[x → sin(x)]. For (TSeF-TCNQ) we construct an eight-band
model incorporating two spin and four orbital degrees of
freedom (two belonging to molecular orbitals from TSeF and
two belonging to TCNQ). The allowed dispersion relation of
the model is restricted by the symmetry generators: parity,
twofold rotation about the x axis, time-reversal symmetry
(details given in the Methods section).
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FIG. 6. Calculated approximations for an excitonic gap at
zero temperature for (a) (EDT-TTF-I2)2(DDQ) · (CH3CN) and
(b) (TSeF-TCNQ), obtained by numerically solving a BCS-like gap
equation within the full Brillouin zone.

To approximate the size of the instability, we solve a BCS-
like excitonic gap equation, similar to Refs. [37–39]. Note that
given the numerous degrees of freedom, multiple excitonic
gap symmetries might occur, such as inter- or intranode in-
stabilities with or without breaking of time reversal or other
lattice symmetries [39,40]. We focus on a s-wave gap. Details
on the calculation are given in the Methods section.

We obtained an excitonic gap of ≈60 meV for
(EDT-TTF-I2)2(DDQ) · (CH3CN) at T → 0 K. This value
agrees with the experimentally determined gap of ≈105 meV.
We argue that despite (EDT-TTF-I2)2(DDQ) · (CH3CN)
being a regular semiconductor, it is an excitonic insulator
with an electronic structure shown in Fig. 6(a). We repeat the
approach for (TSeF-TCNQ) and obtain a slightly higher value
of ≈150 meV [Fig. 6(b)]. In contrast to the Dirac semimetal
(EDT-TTF-I2)2(DDQ) · (CH3CN), (TSeF-TCNQ) has two
degenerate line nodes which gap out while the excitonic gap is
formed. To verify the experimentally observed metal-insulator
transition at 40 K would require a full temperature-dependent
screening which is beyond our present paper.

III. METHODS

A. Machine learning

The ML model is trained on a dataset of 24 134 ab
initio band gaps of nonmagnetic organic crystals stored in
the OMDB [18,41]. The dataset is divided into a training,
validation, and test set of 15 000, 3000, and 6134 materials,
respectively. We used the continuous-filter convolutional neu-
ral network scheme—SCHNET [19] with a batch size of 32, a
cutoff radius of 5.0 Å, 32 features, three interaction blocks,
a learning rate of 10−4, and 50 Gaussians to expand atomic
distances (see Ref. [41] for a parameter choice). The initial
band-gap data exhibit a Wigner-Dyson like shape as shown in
Fig. 1(a), having a mean of ≈2.9 eV and a standard deviation
of ≈1.1 eV. Our trained ML model shows a MAE of 0.406 eV
and a root mean square error of 0.602 eV which is interpreted
as an accuracy of ≈90%. Note that the underlying data are
rather small (≈2 × 104 materials) and highly complex (aver-
age of 85 atoms per unit cell). The trained ML model is able to
reproduce the band-gap statistics on a set of 202 117 organic
crystals (≈2 × 104 materials) taken from the COD [20] as
shown in Fig. 1(a). These predictions also fit a Wigner-Dyson

distribution ∼x5.62e−0.45x2
. The performance of our model on

the test set is shown in Fig. 1(b).

B. Ab initio calculations

We performed ab initio calculations in the framework
of the DFT using a projector augmented-wave method as
implemented in the VASP [42]. Structures are taken from
the COD [20] and transformed into VASP input using PY-
MATGEN [31]. During the self-consistent calculation of the
electron density and the DOS we used a �-centered mesh
with a �k-mesh density of 800 points per Å−3 for the quick
materials scan of 414 candidate materials and a �k-mesh den-
sity of 1500 points per Å−3 for the refined calculations of
nine prospective semimetals. For the latter we performed an
optimization of the atomic positions using a conjugate gra-
dient algorithm. All calculations were performed with SOI
and the exchange-correlation functional was approximated by
the strongly constrained and appropriately normed semilocal
density functional SCAN [43] including van der Waals cor-
rections using the Tkatchenko-Scheffler method with iterative
Hirshfeld partitioning [44,45]. The cutoff energy of the plane-
wave expansion was chosen to be 600 eV.

C. Effective Hamiltonians

We generated effective Hamiltonians for
(EDT-TTF-I2)2(DDQ) · (CH3CN) and TSeF-TCNQ. To
describe the fourfold degeneracy at the � point observed
for (EDT-TTF-I2)2(DDQ) · (CH3CN), we construct a model
with two orbital (τi) and two spin (σi) degrees of freedom,

Heff =
3∑

i=0

3∑
j=0

fi j (kx, ky, kz )τiσ j . (3)

Here, each molecule in the unit cell contributes one molecular
orbital. Neglecting higher- and lower-energy bands, a fourfold
degeneracy is obtained assuming an even- and an odd-parity
molecular orbital and adding respective lattice symmetries
(space-group P1): parity P̂ = τ3σ0 (�k → −�k), time-reversal
−iσ2K̂ (�k → −�k; K̂ being the complex conjugation), and an
emergent particle-hole symmetry Ĉ = σ2. Up to linear order
we obtain

Heff ≈
3∑

i=1

[aiτ1σ1ki + biτ1σ2ki]. (4)

The best fit to the ab initio calculated band structure resulted
in the parameters a1 = 0.47, a2 = −0.33, a3 = 0.11, b1 =
0.16, b2 = −0.38, b3 = 0.15 eV.

The nodes for TSeF-TCNQ occur in the interior of the
Brillouin zone. Therefore, we construct a lattice-periodic
model with eight bands (four orbital-, two spin degrees of
freedom). The orbital degrees of freedom are obtained from
respective permutations of the two TSeF and two TCNQ
molecules within the primitive unit cell. We represent the gen-
erators of the factor group G/T 
 C2h (G is the space-group
P21/c, T is the corresponding group of pure lattice trans-
lations) as follows: P̂ = P(1, 2, 3, 4)σ0 (�k → −�k), Ĉ2x =
P(2, 1, 4, 3)iσ1 (kx → kx, ky → −ky, kz → −kz) and add
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time-reversal symmetry as before. Here P(permutation)
denotes a (4 × 4)-dimensional permutation matrix. Note
that each symmetry element comes with a correspond-
ing double group partner. The total Hamiltonian is writ-
ten as H = HorbitalH spin. We generate Horbital in the basis
(|	TSeF1〉, |	TSeF2〉, |	TCNQ1〉, |	TCNQ2〉) using

Horbital
mn = tmn exp(i�k · �δmn)

Horbital
mm =

∑
sm

i exp(i�k · �ai ), (5)

with m, n = TSeF1, TSeF2, TCNQ1, TCNQ2, �δmn being
the vector connecting molecules m and n and �ai being the
real-space basis vectors. The full Hamiltonian is obtained
by applying all symmetry operations and dividing by the
total number of symmetry elements, i.e., twice the order of
the factor group when all combinations incorporating time-
reversal symmetry are taken into account. We implemented
a Monte Carlo scheme to fit the model to our ab initio
band structure with the best fit being tTSeF1,TSeF2 = 0.008,

tTCNQ1,TCNQ2 = −0.025, tTSeF1,TCNQ1 = 0.023, tTSeF1,TCNQ2

= 0.047, sTSeF1
1 = −0.033, sTSeF1

2 = −0.023, sTSeF1
3 =

1.057, sTCNQ1
1 = −0.704, sTCNQ1

2 = 0.080, sTCNQ1
3 =

−0.093 eV.

D. Excitonic instability

We model quasiparticle-quasihole excitations of the ma-
terial in terms of the following interaction process where
incoming (outgoing) solid lines belong to fermionic annihi-
lation (creation) operators 	̂�q (	̂†

�q ) and the dashed line to a
screened scalar interaction V (�q).

k + q

k

k′ − q

k′

q

The Hamiltonian is given by

Ĥ = Ĥ0 + 1

2

∑
aν

∑
�k�k′ �q

V (q)	̂†
ν,�k+�qa

	̂
†
ν,�k′−�qa

	̂
ν,�k′a	̂ν,�ka. (6)

Here, ν is a corresponding quantum number, and a =
± (a = −a) denotes electron and hole states. Ĥ0 denotes
the noninteracting effective Hamiltonian of the system.
We derive an excitonic gap equation using a Green’s
function approach similar to Refs. [37–39] and define
Gν,±( �p, τ − τ ′)=−〈T̂ 	̂ν, �p±(τ )	̂†

ν, �p±(τ ′)〉 and Fν,±( �p, τ − τ ′)
= −〈T̂ 	̂ν, �p±(τ )	̂†

ν, �p∓(τ ′)〉.
We proceed by calculating the equations of motion for

G and F using the Heisenberg formalism and decomposing
the four-point functions in terms of G and F [46]. We im-
pose particle-hole symmetry of the electronic band-structure
ξ+
ν (�k) = ξ−

ν (�k) as well as a real excitonic gap function �ν and
derive the BCS-like gap equation,

�ν ( �p) = −
∑

�q
V (�q − �p)

�ν (�q)

2Eν,�q
tanh

(
βEν,�q

2

)
, (7)

which is in agreement with Ref. [37]. Here, Eν, �p =√
ξ 2
ν ( �p) + �2

ν ( �p). We construct the exact Brillouin zone using
the algorithm of Finney [47] and solve (7) using a Liouville-
Neumann series where the integration is performed using
a quasi-Monte Carlo integration scheme [48]. We calculate
the zero-temperature excitonic gap tanh ( βEν,�q

2 ) → 1 and ap-
proximate the interaction by a screened Coulomb interaction
V (�q) = − 4π

�q2+�k2
with �k being a screening vector generally

temperature dependent [37]. The screening vector is approx-
imated by the Thomas-Fermi screening, which for Dirac

semimetals is given by �k =
√

2gα
π

�kF [39] with �kF being the
Fermi vector and g being the Dirac cone degeneracy. Organic
crystals typically exhibit purification during the crystallization
process expelling dopants. We assume a clean sample with
Fermi-level deviation δμ = 0.01 eV.

IV. CONCLUSION

Typically, nodal states within the electronic structure of
organic crystals are inferred by indirect measurements, e.g.,
via the resistivity [49], optical conductivity [50], and local
spin susceptibility [51] as has been performed extensively
for the pressure induced semimetal phase of (BEDT-TTF)2I3.
A direct observation of the electronic structure of organic
materials with angle-resolved photoemission spectroscopy
(ARPES) is difficult due to: usually tiny crystal sizes limiting
signal, insulating behavior leading to charging of the samples,
limits in available orientations, and problems in preparing
well-defined surface terminations. However, ARPES has been
performed for organics in selected cases [52]. Here, the
reported experimental maximum/median/minimum crystal
sizes of the materials described by us are 0.24/0.05/0.04
for (EDT-TTF-I2)2(DDQ) · (CH3CN), 0.23/0.05/0.02/for
(TSeF-TCNQ), and 0.34/0.04/0.02 for bis-1,2,3-dithiazolyl.
Although these crystal sizes are tiny, recent progress in the
field has decreased the focus area of state-of-the-art ARPES
devices tremendously [53], making a measurement of the
photoelectron spectrum of the three materials possible in the
near future. The materials reported here provide a natural
platform to investigate the rare excitonic insulator phase as
a consequence of strong interaction effects within symmetry
protected nodal semimetals.

Although several inorganic nodal semimetals are known,
the space of organics remains fairly unexplored in this re-
gard. The realm of three-dimensional organic semimetals is
mainly composed of the single example α-(BEDT-TTF)2I3

and modifications which exhibit tilted Dirac nodes under pres-
sure (≈2.3 GPa) [51,54] or chemical strain [55]. Hence, the
outcome of our ML and ab initio calculations are promising
with respect to the identification of novel examples. We note
that the choice of the s-wave excitonic instability due to strong
interactions is only the simplest scenario and was chosen to
estimate the size of the effect. However, other forms of gap
openings and richer phase diagrams are imaginable.
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FIG. 7. Promising materials candidates. Out of 414 band-structure calculations of organic molecular crystals and metal organic frame-
works, nine materials exhibited nodes close to the Fermi level and were selected for revision using a more sophisticated computational
approach. The number indicates the COD ID of the material.
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APPENDIX A: MATERIALS CANDIDATES

Out of the 202 117 materials in the COD [20], a
subset of 414 organic materials were predicted to have
a small band-gap (0.01 � � � 0.4 eV) by our trained
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FIG. 9. Topological nodes in the fully optimized band structure
of (EDT-TTF-I)2(TCNQ), COD-ID 4506 562.
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TABLE I. COD IDs, band-gap �, and a number of atoms in the primitive unit-cell Nat for the subset of 414 COD materials where the band
gap was predicted to be small (0.01 � � � 0.4 eV).

COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat

1100155 0.33 184 2214357 0.09 172 4112733 0.24 44 4327718 0.27 290 7016726 0.07 192 7203122 0.03 82
1100654 0.15 204 2215187 0.27 31 4112835 0.03 312 4328589 0.10 348 7017188 0.06 94 7203123 0.08 82
1502567 0.15 380 2215286 0.31 264 4113773 0.02 312 4328637 0.26 58 7018262 0.16 183 7203124 0.34 82
1502778 0.11 312 2219623 0.21 232 4114183 0.05 76 4329184 0.26 164 7019345 0.31 248 7203125 0.31 82
1505707 0.26 176 2220473 0.30 88 4114836 0.16 248 4329392 0.32 444 7020987 0.39 158 7203819 0.15 114
1505708 0.27 176 2222403 0.37 200 4115030 0.12 68 4329599 0.36 181 7024375 0.39 124 7203820 0.05 114
1506394 0.38 168 2224043 0.17 56 4115033 0.32 184 4329817 0.02 190 7024640 0.24 392 7203821 0.13 114
1508450 0.14 68 2225643 0.05 156 4115740 0.34 180 4329818 0.07 288 7026747 0.10 378 7204018 0.17 104
1508451 0.32 120 2231478 0.28 136 4116342 0.11 156 4331203 0.39 216 7027004 0.09 208 7204068 0.11 43
1508462 0.05 204 2232523 0.26 48 4116343 0.21 156 4331204 0.31 216 7027005 0.28 176 7204069 0.06 43
1508463 0.07 204 2232886 0.02 204 4116344 0.27 156 4331205 0.23 216 7028070 0.27 56 7204124 0.21 100
1508464 0.33 204 2233079 0.05 118 4116348 0.10 156 4331206 0.24 216 7028071 0.02 56 7204137 0.39 106
1508468 0.35 228 2233541 0.31 216 4116732 0.39 64 4331621 0.23 235 7028189 0.32 106 7204163 0.33 34
1508469 0.13 228 2233927 0.25 188 4117045 0.16 136 4332184 0.36 150 7028313 0.35 308 7204326 0.08 46
1508470 0.17 228 2235994 0.37 152 4117071 0.19 156 4332331 0.09 248 7031696 0.14 144 7204639 0.26 204
1512824 0.04 202 2236574 0.14 108 4117380 0.32 80 4333342 0.11 152 7032641 0.20 164 7204757 0.10 90
1514418 0.28 304 2310537 0.20 24 4118108 0.29 200 4333919 0.13 106 7033203 0.28 76 7205290 0.25 172
1516182 0.27 104 4000046 0.38 98 4118948 0.22 72 4333923 0.32 424 7035665 0.26 60 7205294 0.34 123
1516253 0.13 68 4000693 0.18 60 4120506 0.15 56 4334234 0.32 158 7039590 0.29 70 7205482 0.35 66
1516254 0.40 136 4000844 0.34 94 4120507 0.17 56 4336064 0.23 27 7040072 0.32 178 7205717 0.37 284
1516257 0.14 68 4000845 0.37 94 4120508 0.04 56 4336209 0.31 128 7041290 0.11 300 7206507 0.05 148
1531935 0.02 264 4000846 0.31 94 4122121 0.24 252 4337020 0.23 130 7045255 0.11 84 7207873 0.25 464
1532799 0.09 120 4000852 0.33 94 4125718 0.30 88 4337186 0.21 250 7046163 0.37 250 7207874 0.23 464
1542739 0.35 24 4000853 0.34 94 4125782 0.10 92 4337453 0.22 396 7047531 0.12 252 7208625 0.36 80
1546845 0.20 146 4000854 0.31 94 4301919 0.17 244 4337700 0.34 346 7047694 0.31 148 7208879 0.26 260
1550485 0.19 144 4000867 0.35 212 4302820 0.33 78 4338837 0.20 262 7047891 0.31 328 7209252 0.23 304
2003573 0.20 226 4000868 0.28 212 4303361 0.33 240 4338838 0.33 342 7048400 0.39 432 7209599 0.17 120
2003618 0.36 96 4000869 0.16 212 4303426 0.22 68 4339549 0.07 228 7051187 0.14 104 7210187 0.34 236
2004926 0.14 248 4001466 0.34 96 4303427 0.10 80 4339550 0.17 228 7052148 0.22 456 7210622 0.06 180
2005525 0.14 332 4001756 0.23 117 4304364 0.31 100 4340584 0.25 62 7052160 0.36 116 7211348 0.38 68
2006386 0.13 111 4027976 0.18 252 4304826 0.13 184 4341452 0.33 196 7052161 0.28 66 7212738 0.03 256
2006447 0.10 76 4030446 0.06 76 4307236 0.12 148 4342967 0.29 172 7052500 0.35 112 7212881 0.24 200
2006640 0.38 156 4030472 0.03 356 4307335 0.23 180 4344542 0.36 116 7053319 0.38 408 7214394 0.26 116
2007377 0.04 152 4030948 0.28 132 4308271 0.20 388 4345710 0.08 208 7057131 0.06 178 7215651 0.03 276
2009382 0.34 188 4033562 0.40 128 4308985 0.29 180 4500101 0.38 58 7057715 0.36 270 7215652 0.06 276
2009771 0.23 196 4060158 0.24 500 4310018 0.02 224 4500256 0.38 444 7057751 0.22 88 7215919 0.09 348
2009875 0.26 28 4060716 0.12 110 4310046 0.20 200 4500879 0.36 107 7100829 0.06 76 7216865 0.22 80
2010394 0.25 100 4076655 0.09 178 4310802 0.32 164 4501229 0.35 64 7101802 0.19 432 7217861 0.25 404
2012185 0.20 168 4076797 0.33 500 4311621 0.40 45 4505752 0.30 54 7103562 0.24 392 7218742 0.36 30
2012571 0.18 108 4076838 0.14 444 4311623 0.37 138 4506029 0.32 180 7103978 0.31 327 7218743 0.06 60
2012640 0.02 82 4076839 0.37 456 4311749 0.27 100 4506561 0.13 160 7105225 0.36 116 7219263 0.18 78
2015898 0.07 220 4077085 0.22 436 4311792 0.35 142 4506562 0.24 60 7106265 0.22 96 7219393 0.34 208
2016308 0.25 192 4077087 0.33 500 4312085 0.20 88 4506830 0.11 68 7108362 0.21 250 7220737 0.12 138
2017123 0.06 160 4080787 0.15 224 4312086 0.29 156 4506832 0.25 68 7110016 0.13 432 7223625 0.38 82
2017434 0.17 204 4081130 0.34 268 4312745 0.01 120 4510004 0.35 52 7111061 0.20 356 7224170 0.27 204
2019435 0.10 88 4100785 0.37 152 4313081 0.38 64 4510164 0.33 80 7111449 0.30 216 7224812 0.32 276
2020191 0.39 104 4100786 0.37 74 4313572 0.05 136 7002466 0.03 496 7111663 0.37 188 7224813 0.08 92
2101762 0.23 168 4101559 0.27 216 4313682 0.33 236 7005654 0.06 88 7111840 0.34 312 7225192 0.35 212
2101805 0.16 352 4101560 0.16 108 4314012 0.28 112 7006006 0.10 174 7111918 0.24 88 7226282 0.26 95
2103415 0.07 96 4101561 0.32 108 4314265 0.06 262 7007965 0.32 492 7114058 0.15 422 7226283 0.39 368
2103416 0.07 108 4102190 0.23 68 4314268 0.02 262 7008910 0.32 280 7114953 0.18 168 7226286 0.35 408
2104548 0.09 21 4102191 0.10 68 4314270 0.12 262 7010128 0.29 226 7115199 0.03 312 7226287 0.13 236
2104553 0.14 38 4102192 0.28 68 4314271 0.23 262 7010621 0.31 150 7116032 0.33 440 7227238 0.28 128
2104589 0.33 92 4102656 0.33 38 4315110 0.25 448 7011125 0.10 300 7122604 0.31 284 7228244 0.34 110
2105778 0.25 60 4103043 0.03 404 4315143 0.10 220 7011126 0.14 150 7123550 0.15 302 7228672 0.35 44
2108137 0.37 41 4104399 0.22 68 4316167 0.25 52 7011127 0.39 162 7151581 0.25 36 7229554 0.02 356
2108147 0.38 112 4104401 0.08 68 4316171 0.33 25 7012773 0.38 102 7154787 0.27 180 7230473 0.28 158
2108148 0.33 112 4104405 0.23 43 4316834 0.35 146 7012775 0.38 62 7200911 0.18 76 7230813 0.05 346
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TABLE I. (Continued).

COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat COD ID � (eV) Nat

2202012 0.14 52 4104409 0.20 43 4316896 0.29 120 7014286 0.32 308 7200913 0.08 76 7230814 0.14 334
2203690 0.26 156 4104410 0.21 43 4318081 0.10 50 7014287 0.32 158 7200914 0.07 76 7230817 0.25 352
2206371 0.38 120 4105695 0.40 500 4318432 0.28 57 7014288 0.32 304 7201051 0.03 276 7231268 0.11 256
2207901 0.22 112 4106175 0.02 364 4322024 0.38 244 7014292 0.03 154 7201052 0.06 276 7232062 0.19 344
2208031 0.36 76 4106572 0.34 250 4323190 0.24 320 7014446 0.30 84 7201329 0.09 58 7232249 0.18 100
2208799 0.29 108 4109852 0.25 104 4323773 0.34 95 7014583 0.11 76 7201939 0.09 312 7232828 0.03 128
2209735 0.37 140 4110042 0.12 122 4323810 0.04 188 7014584 0.14 76 7202467 0.18 52 8000064 0.14 84
2209749 0.07 200 4110390 0.39 142 4324027 0.17 288 7015536 0.13 98 7202481 0.35 228 8100077 0.15 108
2211667 0.19 150 4110455 0.24 252 4325015 0.40 43 7015537 0.36 98 7202485 0.32 114 8100483 0.09 148
2213373 0.14 320 4111467 0.39 236 4325471 0.28 62 7015915 0.33 296 7203118 0.37 164 8102065 0.38 204
2214075 0.09 50 4112026 0.35 228 4327550 0.40 248 7015917 0.30 156 7203121 0.38 184

machine learning model. We performed coarse ab initio
calculations to scan for potential organic semimetals (details
on the calculations can be found in the Methods section)
and find nine materials candidates which exhibit nodes
close to the Fermi-level (E = 0 eV). The band structures
of the nine materials are shown in Fig. 7. Materials
are denoted with their COD IDs. The labeling of the
high-symmetry points was generated automatically using
PYMATGEN [31]. Respective space-group symmetries are
P1:150 8451, 2100 065,4334 234, 4506 562; P21/c:2101 483,

4324 376, 7014 584; I42m:4114 836; P212121:7106 265. Of
the nine materials only the three materials with COD IDs
1508 451, 2101 483, and 7106 265 still exhibit their nodes
after a full structural optimization was performed.

APPENDIX B: MAGNETIC PHASES
OF BIS-1,2,3-DITHIAZOLYL

The ABABAB π -stacked bis-1,2,3-dithiazolyl radical was
reported to undergo a transition into a canted antiferromag-
net below a critical temperature of 4.5 K and to undergo a
spin-flop transition to a field-induced ferromagnetic state at
a temperature of 2 K and a magnetic-field strength of H ≈
20 kOe [30]. Our calculations revealed Weyl nodes along the
path �X in the Brillouin zone for the ferromagnetic phase.
To better understand the emergence of the phase and its
correspondence to the underlying magnetic ordering we per-
formed similar band-structure calculations incorporating full
structural optimization for an antiferromagnetic and a non-
magnetic ordering (details on the ab initio calculation can be
found in the Methods section). Even though the nonmagnetic
phase exhibits topological nodes along the path �Y the overall
behavior is metallic as there is no vanishing density of states

at the Fermi level. The topological protection of the nodes
for the nonmagnetic phase is a consequence of the underlying
orthorhombic symmetry with space group P212121 where the
mechanism is described in Ref. [56]. The antiferromagnetic
phase exhibits a clear band gap of the size of ≈0.15 eV. The
comparison of the electronic structure for all three magnetic
phases is shown in Fig. 8.

APPENDIX C: NODES IN (EDT-TTF-I)2(TCNQ),
COD-ID 4506 562

The material (EDT-TTF-I)2(TCNQ) with COD-ID
4506 562 exhibits topological nodes within the Brillouin
zone close to the Fermi level as shown in Fig. 9. However,
the material is not a semimetal as it exhibits a large density of
states at the Fermi level.

APPENDIX D: LIST OF PREDICTIONS

We trained a machine learning model based on the
continuous-filter convolutional neural network scheme
SCHNET [19] on 24 134 ab initio calculated band gaps stored
within the OMDB [18] (details can be found in the Methods
section). We applied the successfully trained model on
202 117 crystal structures stored within the COD [20]. All
crystal structures considered belong to organic molecular
crystals or metal organic frameworks which were synthesized
before. Organic materials tend to be large band-gap insulators,
and only 414 materials were predicted to have a band gap
of 0.01 � � � 0.4 eV where we explicitly tried to exclude
organic metals. The list of predicted band gaps for the 414
materials denoted with their COD IDs is given in Table I.
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