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Abstract: Recently, topological materials (TMs) have attracted attention from various scientists. Their
electronic properties are governed by relativistic particles called Dirac fermions which, in some
cases, possess no masses and move in solids with the speed of light. In addition to the unique
particles, such materials exhibit unprecedented electronic properties because of the quantum effects
(interference between wavefunctions). Examples include nodal-line materials (NLMs), where metallic
or even superconducting properties may appear only at the surface of the single crystals of insulators.
Thus far, whether they be organic or inorganic compounds, TMs have hardly been discovered
except for the zero-gap conductors (ZGCs), because there is no guideline on how to develop such
unusual materials. In this work, we prepared a new organic charge—transfer complex, o’ -STF,1Br;
(STF = bis(ethylenedithio)diselenadithiafulvalene), which measured the electrical and magnetic
properties and calculated the band structure and intermolecular interactions. A close comparison
with those of «-STF,]3, being established as a ZGC at p > 12-15 kbar, revealed that «’-STF,1Br; is also
closely related to it, but belongs to a different type of TMs, namely NLMs. This finding will accelerate
the successive findings of NLMs to elucidate the mechanism of their unique electronic properties.

Keywords: Dirac fermions; topological materials; zero-gap conductors; organic charge-transfer
complexes; molecular conductors

1. Introduction

Recently, the Dirac electron systems (DESs), or more generally topological materials
(TMs), have been paid increasing attention [1-8]. In organic or molecular materials, the
charge-transfer (CT) complexes/salts containing DESs called zero-gap conductors (ZGCs)
have been intensively studied for nearly two decades [9-28]. This is not only because of
their unique physical properties, but also because of their advantage for research on basic
electronic properties and the mechanism of production of DESs owing to the well-defined
structures and stoichiometries. The DESs are characterized by linearly dispersive bands in
contrast with cosine or parabolic bands of standard electron systems (SESs). For example,
the ZGCs are distinguished from other materials by a pair of cone-shaped band structures
in contact with each other at their apexes at the Fermi levels (Figure 1). Unlike SESs,
they exhibit neither metallic nor nonmetallic behavior. Examples include temperature
(T)-independent resistivity [29,30], wavenumber-independent optical conductivity [31,32],
and the unprecedented behavior of magnetoresistance [9,19-21,25]. Additionally, the wide
variety of organic ZGCs based on finely controllable syntheses add an advantage for sys-
tematic studies. Since the discovery of the ZGC in organic compounds, x-ET,I3 under high
pressure (p > 12-15 kbar) (ET = bis(ethylenedithio)tetrathiafulvalene, Figure 1) [9], many
kinds of molecular crystalline materials have also been reported to exhibit electronic proper-
ties and band structures characteristic to the ZGCs [10-28]. In this way, our understanding
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of organic ZGCs has made substantial progress over the last 10-15 years, regarding band
structures and electrical and magnetic properties. However, there are no reports on other
types of organic/molecular TMs apart from the ZGCs. Most of the organic/molecular
materials require high p to become ZGCs, and they share few structural features for com-
parative study. Additionally, it is generally demanding to analyze crystal structures at high
p. These drawbacks have prevented researchers from conducting systematic studies on the
TMs. Thus, it is important to develop a closely related series of organic ambient-p TMs
different from ZGCs.

0.081
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Figure 1. Characteristic band feature of zero-gap conductors around the Dirac/Weyl point. The
Fermi level (Ep = 0 eV) is shown by the arrow, which coincides with the Dirac/Weyl points at the
apexes of the Dirac cones. Reproduced from [23] (Copyright, The Physical Society of Japan, 2020).

During such material development, we synthesized the title compound, «’-STF,IBr,
(STF = bis(ethylenedithio)diselenadithiafulvalene). This new material possesses a closely
related crystal structure to «a-STF;I3, which is reported to be a DES [23-25]. They share
the same space group (P1) and similar lattice constants. Yet, a closer examination of the
molecular arrangement indicated significant differences in the electronic structure and
physical properties of o’-STF,IBr, compared to «-STF,I5. In this article, we compare the
molecular arrangements, band structures, and electronic properties of the two complexes
to reveal the uniqueness of «’-STF,IBr; as an organic, bulk DES.

2. Materials and Methods

The neutral STF [33] and (n-C4Hg)4NIBr; [34] were synthesized as reported. The single
crystals of o/ -STF,1Br, were obtained by a standard electrochemical method, where STF
(7-10 mg, ~0.015-0.020 mmoL) and (n-C4Hg)4NIBr; (55-65 mg, ~0.10-0.12 mmoL) in a dry
tetrahydrofuran solution (10 mL) were electrolyzed with a constant current (4.0 pA) at
35 °Cunder an N, atmosphere. Platinum wire electrodes (1 mm in thickness) were used.

The electrical resistivity of the single crystals of «’-STF,IBr, was measured using a
variable-temperature cryostat (Cryogenic Ltd., London, UK), a four- or six-probe method,
and a clump type high-pressure cell made of Cu-Be/NiCrAl alloy (High Pressure Cell
CTF-HHPC60, C&T Factory Co., Ltd., Tokyo, Japan). The single crystals were sealed in
a Teflon capsule with a pressure medium (Daphne oil 7373, Idemitsu Kosan Co., Ltd.,
Tokyo, Japan), which was set in the high-pressure cell. The temperature was controlled by
a Model 62 (Cryogenic Control Systems Inc. (Cryo-con), Rancho Santa Fe, CA, USA) and
was monitored using a Cernox thermometer (Lake Shore Cryotronics Inc., Westerville, OH,
USA). A Keithley 6221 AC and DC Current Source (Tektronix, Inc., Tokyo, Japan) and a
Keithley 2182A Nanovoltmeter (Tektronix, Inc., Tokyo, Japan) were used as a power source
and a voltmeter, respectively.

As the electrical leads, gold wires (0.015 mm in thickness; The Nilaco Corp., Tokyo,
Japan) were attached on the ab plane along the (110)-direction (most conductive and
developed direction) of each crystal with electrically conductive carbon paste (DuPont
Japan, Tokyo, Japan). The cooling rate was approximately —0.1 K/min for avoiding the
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disorder of the ethylene groups, which was confirmed by the X-ray structural analyses, as
described below.

The single-crystal X-ray structural analyses were performed using VariMax
SaturnCCD724« (Rigaku, Tokyo, Japan) with a temperature controller of a continuous-
flow-type liquid nitrogen cryostat. The Ts of analyses were 300, 150, and 90 K. The effects
of the cooling rate on the structures were examined using rapid (—1.0 K/min) and slow
(—0.1 K/min) cooling processes from 300 to 90 K. After the slow cooling from 300 to 90 K,
followed by the structural data collection at 90 K, the structural data at 150 K were collected
after warming the crystal from 90 to 150 K (+1.0 K/min). As the slow cooling did not yield
disordered structures, the slow cooling-rate (—0.1 K/min) was also used in the resistivity
measurements. The collected data were processed using CrysAlisPro ver. 171.41_64.93a
(Rigaku, Tokyo, Japan) prior to the structure solving and refinement using Olex 21.5. The
hydrogen atoms on the ethylene groups of the STF molecules were located at the calculated
positions when the ethylene groups were not disordered; otherwise, they were located
using difference Fourier syntheses. Further details of the data collection and analyses are
described in the .cif files deposited to the Cambridge Crystallographic Data Centre (CCDC).
The CCDC deposit numbers of the .cif files are as follows: 2,298,691 (296 K), 2,299,346
(150 K), and 2,261,968 (90 K).

The magnetic susceptibility was measured for the polycrystalline samples using the DC
mode of a SQUID susceptometer (a magnetic property measurement system, MPMS-XL7
with a recirculating system EverCool; Quantum Design Japan, Inc., Tokyo, Japan). Every
piece of the single crystals used in the measurements was briefly analyzed by X-ray oscillation
photographs to confirm the polymorphs and crystal qualities. Small and/or low-quality
crystals were not used to avoid possible Curie tail originating from adsorbed oxygen and
lattice defects at low Ts. The selected single crystals (~3.6 mg, 3 x 10~3 mmol) were set in
a gelatin capsule with ventilation holes, which was set in polystyrene straw for magnetic
measurements fixed with small pieces of the same straw (Quantum Design Japan, Inc.). Prior
to the sample measurements, the background, namely the diamagnetic susceptibility of the
capsule and straw, was measured (300-2 K) using the same procedure of measurement as that
of the sample to correct the observed values of the sample. The sample exchange room was
evacuated and purged fifty times by He gas before the sample was inserted into the main
chamber. The applied magnetic field was 1 T, which was confirmed to be in the linear range
of the magnetization curve. Field- (FC) and zero-field-cooling (ZFC) processes were both
examined and confirmed to yield identical results. The cooling rate did not affect the magnetic
behavior as obviously as the resistivity measurements, including the data scatterings. Slower
cooling rates (<—0.5 K/min) did not improve the data scatterings in the susceptibility, perhaps
because the T fluctuation during the cooling processes became comparable to the lower cooling
rates. The diamagnetic contribution of neutral STF (—1.55 x 10~* emu moL 1) was cited from
previous work [24]. The diamagnetic contribution of IBr, (—1.02 x 10~* emu mol 1) was
estimated using the observed values of (n-C4Hg)4NIBr; (—2.95 X 10~* emu moL 1) measured
in this work, and the published data for (n-C4Hg)4NI (—2.44 x 10~* emu moL 1) and the
I~ ions (—5.06 x 10~° emu moL 1) [24] based on Pascal’s additive law.

The extended Hiickel tight-binding band calculation was performed based on the
disorder-free structure (except for the STF sites) at 90 K using CAESAR (Crystal and
electronic structure analyzer, PrimeColor Software, Inc., Raleigh, NC, USA) [35]. The
disordered S and Se atoms of the STF molecules were treated as if they were intermediate
atoms between S and Se, as in the previous work [23,36,37]. Double-zeta Slater-type orbitals,
Xu, were used to describe the outermost orbitals (Equation (1)).

Xu(r,0,9) o< 1" Herexp(—=Cur) + caexp(—C2r) }Y (6, ¢) ey

where (7, 0, ¢), n, ¢, and Y(0, ¢) are the coordinates in a spheric coordinate system, the
principal quantum number, the exponent, and the spherical harmonics, respectively. As
there are many kinds of extended Hiickel parameters thus far known, we examined different
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parameters and selected the most appropriate parameters for «’-STF,IBr, (Table 1), which
accounted for the observed physical properties better than other parameters.

Table 1. Extended Hiickel parameters used in the band and related calculations.

Elements and Atomic

Orbitals Hii (EV) *1 gl C1 gZ C2
I5s -223 3.341 0.6869 2.046 0.4869
I5p -10.9 2.920 0.6140 1.671 0.5258

Br 4s —26.8 3.361 0.6310 2.044 0.5050
Br 4p -12.3 2.920 0.5822 1.624 0.5472

Im 3s *2 —22.585 2.800 0.60765 1.800 0.51875

Im 3p *? —11.325 2.325 0.57495 1.225 0.56685
S 3s —239 2.662 0.5990 1.688 0.5246
S3p -11.9 2.338 0.5377 1.333 0.5615
C2s —-19.2 1.831 0.7931 1.153 0.2739
C2p —11.8 2.730 0.2595 1.257 0.8026

H1s* —13.6 1.3 1 NA NA

*1 H.: indicates the valence-state ionization potential, while other parameters, {; and ¢; (i = 1,2), are those in
Equation (1). *2 Im is an imaginary atom possessing the averaged values of parameters (Hj;, {;, and ¢; (i = 1,2))
between S and Se [23,36,37]. The principal quantum number of the outermost orbital of Im is assumed to
be three, as these parameters yielded the calculation results which explain the observed physical properties
most consistently. *3 H 1s orbital is described by a single- zeta Slater-type orbital, and thus {, and c, are not
applied (NA).

3. Results
3.1. Stuructural Properties

Figure 2 shows the crystal structures of «’-STF,IBr; at 296 K and 90 K (—0.1 K/min).
The lattice constants and other details are summarized in Table 2. Since the o/-type
structures are closely related to the a-type structures, the latter is also shown in Figure 2b
for comparison. At all temperatures, the asymmetric unit of «’-STF,IBr; contains two whole
STF species and one whole IBr; species, and none of them are on the special positions with
high symmetries. This type of donor molecular arrangement is called o’-type, and has been
previously found in some ET (ET = bis(ethylenedithio)-tetrathiafulvalene) complexes with
trihalide and related anions [38—46]. The asymmetric unit of o/-STF,IBr, contrasts with
that of the x-STF,I3, where two halves and one whole STF species and two halves of I3
species are crystallographically independent. Accordingly, two STF and two I3 species are
on the special positions (the inversion centers) in x-STF,I3. The remaining one STF species
is related to the facing STF species with an inversion center in «-STF;I;.

Owing to the feature that two halves of the I3 anions are contained in the unit cell, it
appears as if the a-type structure should contain the anions that are practically double of
those in the o/ -type structure (Figure 2a,b). As a result, the STF-STFE, STF-anion, and anion-
anion interactions are closer and more isotropic in «-STF;I3 than o-STF,IBr;, as discussed
in the following sections, although the densities are practically the same (~2.5-2.6 g cm 3
at 296 K) and the space groups are identical (P1) between the two complexes. The packing
motif of the trihalide anions also affects the donor-anion (CH—X) contacts and the disorder
of the ethylene groups of the STF molecules, which creates differences in the electronic
structures and properties between «- and o-type complexes, as discussed below.
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() (d)

Figure 2. Crystal structures of: (a) o’-STF;IBrp (90 K, no disorder); (b) «-STF,l3 (93 K) [24];
(c) o/-STF,IBr, (296 K, the ethylene groups indicated by arrows are disordered in 56.4%:43.6% each);
(d) o/ -STF,IBr; (296 K, a two-fold period STF stacking structure / /a-axis), where the STF-stacking
column without the ethylene-group-disorder is selected. The brown, pale pink, yellow, green, purple,
and blue spheres indicate C, H, S, Se, I, and Br atoms, respectively. The red, green, and blue arrows in
(a,b,d) commonly indicate the directions of the crystallographic a-, b-, and c-axes, respectively.
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Table 2. Lattice constants of o -STF,IBr, and «-STF,I5.
Materials o -STF,1Br, o-STF,I3
T (K) 296 150 90 296 93
Space Group P1
System Triclinic
a(A) 8.9175(3) 8.6984(2) 8.6555(2) 9.2162(3) 9.08536(18)
b (A) 11.9990(4) 12.0537(3) 12.0449(2) 10.8222(3) 10.6938(2)
c(A) 16.5862(6) 16.5339(3) 16.5069(3) 17.6354(5) 17.5875(4)
w (°) 85.050(3) 85.254(2) 85.321(2) 96.864(7) 96.5821(17)
B () 88.353(3) 89.265(2) 89.538(1) 97.868(7) 97.8330(18)
v (©) 70.791(3) 71.102(2) 71.173(2) 90.692(6) 90.9456(16)
V (A%) 1669.68(10)  1634.30(7) 1623.11(6)  1729.19(10)  1680.75(6)
V4 2
CCDC deposit # 2,298,691 2,299,346 2,261,968 2,121,344 2,261,185
References This work [23,24]

As is often observed with this type of material, there are two-dimensional (2D) ar-
rangements of the STF radical cations in the ab planes and 2D sheets of the IBr; anions
in the adjacent ab planes (Figure 2d). The STF and IBr; sheets alternate with each other
along the c-axis (Figure 2d, the upper figure). The STF cations stack along the a-axis with a
twofold period (Figure 2d, the lower figure). There are intermolecular interactions between
the STF columns suggested by S—S short contacts (<3.70 A).

In the o’-type complexes, all the IBr, anions are parallel to each other, which con-
trasts with the zigzag anion arrangement in the o-type complexes. The distance between
neighboring Br atoms in independent IBr, anions (4.3834(10) A) is longer than the van der
Waals distance of Br—Br (3.70-3.90 A) [47-49], suggesting negligible interactions between
the IBr; anions. This contrasts with the shorter I—I distance (for example, 3.8817(13) and
3.8847(5) A at 296 and 93 K, respectively) [24] than the van der Waals distance (3.96—4.30 A)
in «-STF,I3 at ambient pressure [47-49]. Recently, it has been clarified that the I3 anions
are also involved in the conduction pathway of a-D;I3 (D = ET, STF, BETS) at ambient
pressure and a wide range of temperatures [50]. The intermolecular interactions (STF-STE,
STF-IBry, IBr,-IBr;) are quantitatively estimated by the extended Hiickel calculation of
overlap integrals below, which shows that the abovementioned structural features are
consistent with the extent of interactions.

The Se and S atoms in the inner chalcogen atoms of STF were disordered with the
probability of S:Se = 50%:50% at all the temperatures of measurement independent of the
cooling rates. One of the ethylene groups of STF is disordered at 296 K (Figure 2c). At 90 K,
there is no disorder at the ethylene groups, when the sample was cooled by —0.1 K/min.
When the sample was cooled by —1 K/min down to 90 K, the structure was not solved,
presumably because of the heavy disorder. Based on the space group (P1) and the lattice
constants, there is no phase transition at 296-90 K.

The shortest STF(ethylene group)-IBr, distances are 3.2515(6) (Br—H), 3.3782(6) (Br—H),
and 3.4060(4) (I—H) A for the ordered ethylene groups, and 2.8803(6) (Br—H), 2.8987(8) (Br—H),
3.2107(6) A (Br—H), and 3.3874(4) (I—H) for the disordered ethylene groups. As the van der
Waals distances are 2.94-3.15 A (Br—H) and 3.09-3.35 A
(I—H) [47-49], the STF-IBr;, interactions are suggested to be negligible based on the distances.

3.2. Electronic Properties

Figure 3 shows the T- and P-dependences of the electrical resistivity o(T, P) of o/-STF,1Br;.
The value of p(300 K, 0 GPa) = 0.001-0.010 () cm, which gradually increased with decreasing T.
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The observed p(T, 0 GPa) is semiconducting, being approximately reproduced by a thermally
activated model, which yields an activation energy E,(0 GPa) of 0.055 eV. The monotonic
behavior indicates no phase transitions at 0-2.0 GPa, although the values of E,; decrease
with increasing P. Despite the thermodynamically stable nonmetallic behavior, «’-STF,IBr;
exhibited rather low resistivity and rather small activation energy.

4 /,.»»«
2 «,

0 ——1Br, (2.0 GPa)

e

—-00GPa_, 4,Gpa
—4-03 Gpai 1.5 GPa
4 056Pa_4 1 5Gpa
4 07GPa_4 55Gpa
—4— 09GPa
N
0 20 40 60 80 100 120 140 160 0 40 80 120 160
1,1
10° 777K 10° 77K
(@) (b)

Figure 3. Temperature (T)- and pressure (P)-dependences of electrical resistivities o(T, P) of:

log(p/ Qcm)
log(pP/ Qcm)

(a) o/ -STF,1Br; at 0-2.0 GPa, measured using the single crystal in the (110)-direction (cooling process
data); (b) comparison of p(T, P) between a-STF,15 (I3) at 0 GPa and o-STF,IBr; (IBr,) at 2.0 GPa. The
data of o-STF,I3 at 0 GPa are reproduced from [24].

Figure 4a shows the T dependencies of the magnetic susceptibility x(T) of o’-STF,IBr,
with that of a-STF,I3 [24] for comparison. A closer examination reveals that the T depen-
dence of x(T) is better described by a downward convex curve exhibiting a broad minimum
at T ~ 100-150 K (Figure 4b). The value of x(300 K) is ~6.8 x 10~* emu moL~!. Within
experimental error, the behavior is identical between the FC and ZFC processes. The almost
T-independent x(T) of «’-STF,IBr; without hysteresis makes a sharp contrast with that of
o-STF,I3. However, the p(T, 2.0 GPa) of «’-STF,IBr; is closely related to the p(T, 0 GPa)
of «-STF;I5 (Figure 3b), which suggests a similarity of the band structures between the
two complexes at respective pressures. The inconsistency in the T-dependences between
the p(T) and x(T) of «’-STF,IBr, suggests that the activation energy of p(T) should not be
associated with an energy gap between the valence and conduction bands. The different
samples and runs of measurements often produced varied resistivity behavior (Figure Al).
Additionally, hysteresis was often observed between the cooling and heating processes,
where the hysteretic T ranges were irreproducible and sometimes complicated. As it is
difficult to control dT/dt (K/s) in p(T) measurements to be constant and accurate within
ca. £0.5 K, the observed variation in p(T) behavior suggests that the p(T) of o’-STF,IBr;
is sensitive to strain to the crystals or the disorder of the ethylene groups, which may
frequently be caused during cooling processes by electrical leads and T-fluctuation, re-
spectively. This probably accounts for the inconsistency between semiconducting p(T) and
metallic x(T).

—~ 2.5 —~ 90
IE 2.04 lT) 8.5 o'-IBrp
€ N £
5 154 ol3 c 5 80
g ZFC E 75
o 1.0 o-1Br Fo < 7.0 FC ZFC
S——
2 o054 7FC 2 65
NO'O_I""l”"I""I""l""l""l Ne'oI""l""I""I“"I“"I""I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T(K)
(a) (b)

Figure 4. Temperature dependencies of magnetic susceptibility x(T) of: (a) «-STF,I3 (o-I3) and
o -STF,IBr, («'-IBry); (b) o’ -STF,IBr; (o -IBry) as an enlarged view. The data of «-STF,153 («-13) are
reproduced from [24] with permission.
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3.3. Calculated Band Structure

Figure 5a shows the tight-binding band structure of «’-STF,IBr; based on an extended
Hiickel approximation and the crystal structure at 90 K. All the STF cations and IBr; anions
in the unit cell were considered in the calculation. Based on the same calculation and the
observed molecular structure in o-STF,IBr;, the HOMO-LUMO gap of the isolated STF
molecules was 3.60 eV (344 nm), which quantitatively agrees with the observed solution
spectra of neutral STF molecules (Amax = 326 nm, loge = 4.18 in C¢H5Cl at 20 °C [50]).
Thus, the calculation results below are reliable. The obtained band structure is a 3/4-filled
semimetallic band, indicating that the average charges on the STF and IBr, species are
+0.5 and —1, respectively. Therefore, there is practically no CT interaction between STF
and IBr,, which is consistent with the crystal structure (Figure 2) and the overlap integrals
shown below.

_05
L 0.4
g, L 03  Eqk)
'-:. ka
" Loz
Yelot Bk
“t00
wn
S
/l

(a) (b)

Figure 5. Band structures near the Fermi levels of o/-STF,1Br; and o-STF,I3: (a) Band dispersion
(left) and Fermi surface (right) of o’-STF,IBr; in the kqkj, plane. In the left figure, the blue/red curved
surfaces and the dark grey plane indicate the top/second HOMO bands of STF and the Fermi level
Eg, respectively. In the right figure, the blue and red dots indicate the Fermi surfaces of electrons and
holes, respectively; (b) the calculated top (E;) and the second (E;) STF HOMO band dispersions of
«-STF,1I3. The Fermi level (Er = 0 eV) is shown by the arrow, which coincides with the Dirac/Weyl
points at the apexes of the Dirac cones. Reproduced from [25] (Copyright, The Physical Society of
Japan, 2020).

3.4. Calculated Intermolecular Interactions
3.4.1. STF-STF Interactions

Figure 6 and Table 3 show the calculated STF(SOMO)-STF(SOMO) interactions based
on an extended Hiickel approximation and the crystal structure at 90 K. As suggested by
the structural analyses, the STF-STF interactions are described by two kinds of dimers (the
molecular pairs connected with the arrows B and D in Figure 6) weakly connected with
each other via the S—S network, forming the conducting sheets.

Table 3. Overlap (S) and transfer (¢) integrals between STF cations based on extended Hiickel
calculations for the structure at 90 K of «’-STF,1Br;. The alphabets designating the interacting pairs
correspond to those in Figure 6.

o/ -STF,1IBr; (90 K)
S$(10-?) t(10~1eV)
2.05 —0.3348
B 6.46 —1.2825

Interacting Pairs
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Table 3. Cont.

!
Interacting Pairs o -STF,1Br; (90 K)

$(10-2) t(10-1 eV)
C 3.45 —0.6463
D 6.65 —1.2821
E —-0.83 0.1657
F —0.38 0.0850
G —0.12 0.0284
H* —0.65 0.1007

*1 Because the phases (signs) of the molecular orbitals of the crystallographically independent STF molecules can
be assumed arbitrarily and because the calculated absolute value was rather small, the sign of intermolecular
interaction H could not be uniquely determined between (S, t) = (—0.65, 0.1007) and (0.65, —0.1007).

Figure 6. STF(SOMO)-STF(SOMO) interactions in o-STF,IBr,. The alphabets designating the
interacting pairs (A—H) correspond to those in Table 3. The red, green, and blue arrows indicate the
directions of the crystallographic a-, b-, and c-axes, respectively.

3.4.2. IBr,—IBr; and STF-IBr; Interactions

The IBr,-IBr; interactions between the HOMOs were calculated based on an extended
Hiickel approximation and the crystal structure at 90 K. As suggested by the structural
analyses, all the IBr,~IBr; interactions are negligible (S < 10~%).

Figure 7 and Table 4 show the calculated STF(SOMO)-IBr, (HOMO) interactions based
on an extended Hiickel approximation and the crystal structure at 90 K. Based on Table 4, it
is difficult to estimate how strong the net STF-IBr; interaction is. However, the observed
Br—Ibond lengths (2.6991(3) and 2.7031(3) A) and —Br—I bond angles (179.759(14)°) agree
well with those of (n-C4Hg)4NIBr, (2.687(2) and 2.704(2) A, and 176.27(4)°, respectively),
where isolated IBr, ™ species were identified based on a single crystal X-ray structural
analysis and X-ray photoelectron, infrared, and Raman spectra [51].

The discussion thus far indicates that the IBr, anions are closed-shell and monovalent,
forming the insulating sheets; if the IBr, anions are not in a monovalent state with the closed-
shell structure, they must interact with each other or with STF to delocalize and stabilize
the unpaired electrons. In other words, o/-STF,IBr; forms an ideal 2D conduction system
in contrast with the three-dimensional (3D) conduction system of related materials [50,52].
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Figure 7. STF-IBr; interactions in «’-STF,IBr,. The alphabets designating the interacting pairs
(M—P) correspond to those in Table 4. The red, green, and blue arrows indicate the directions of the
crystallographic a-, b-, and c-axes, respectively.

Table 4. Overlap (S) and transfer (t) integrals between IBr, and STF in o-STF,IBr, based on an
extended Hiickel calculation for the structure at 90 K. The alphabets designating the interacting pairs
correspond to those in Figure 7.

o -STF,1Br; (90 K)

Interacting Pairs

S (109 t(10-1eV)
M 2.0 -1.7
N -1.0 15
0 -3.0 6.7
P -1.0 14

4. Discussion

Although both a-STF,I5 and o -STF,IBr; belong to the same space group, P1, the dif-
ferences in the anion arrangements relate to differences in CH—X contacts and the disorder
in the ethylene groups, which affected the electronic properties of each complex. Such
structural differences resulted in 2D (o-STF,IBr,) vs. 3D (x-STF;I3) conduction systems.
The most interesting feature of o’-STF,IBr; is the band structure, as shown in Figure 5a:
a small and nearly constant energy separation (~0.08 eV) occurs in a broad range between
the X(0.5, 0, 0) and Y(0, 0.5, 0) points, where linear band dispersion [1-8] is observed.
Note that both X and Y points are special positions with a high symmetry (an inversion
center), while the remaining points along the X—Y line are of low symmetries. Such a
characteristic band structure suggests that «’-STF,IBr; should be close to nodal-line-type
semimetals (NLSMs) [1-8]. In fact, the nodal lines (two-fold degeneracy) disappeared by
the interaction between the two bands to produce the energy separation because of the
low symmetry at the reciprocal points. The band structure of «’-STF,IBr, contrasts that of
o-STF,I3, known as a DES (Figure 5b) [23-25,36,37], proving that «’-STF,IBr; is a different
type of DES-related material from the known organic DESs. Despite the extensive research
for years, the NLSMs and related materials are scarcely reported; a limited number of inor-
ganic compounds are established as NLSMs, while there are no organic NLSMs. The band
structures of NLSMs are characterized by the extended band touching along certain curves
in k space, which requires extra symmetries besides translation to topologically protect the
degeneracy of the two bands. Although molecular crystals generally do not exhibit high
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symmetries unlike some inorganic compounds, the well-defined stoichiometries, varieties,
and high quality of single crystals are a unique advantage over other types of materials.
Because of the lack of such samples, the studies on NLSMs are mainly of theoretical work
except for the experimental identification of NLSMs using angle-resolved photoelectron
spectroscopy (ARPES) [1-8], and experimental investigation on the various bulk properties
remain to be performed. The electrical and magnetic properties of «’-STF,Ibr, and related
materials will pave the way for such studies.
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Figure A1l. Observed differences of p(T) of «’-STF,IBr, at 1bar in independent samples (single
crystals) and measurements, where the measurement conditions were practically identical within
experimental error: (a) p vs. T; (b) Arrhenius plot of the data shown in Figure Ala. In Figure Alb, the
data at T < 50 K (plateau) were omitted for clearly showing the differences and hysteretic behavior at
higher T. The data of Sample #1 (cooling process data only) in Figure Ala,b are the same with those
in Figure 3a (0 GPa).
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