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ABSTRACT: Single-component molecular conductors
can provide a variety of electronic states. We demonstrate
here that the Dirac electron system emerges in a single-
component molecular conductor under high pressure.
First-principles density functional theory calculations
revealed that Dirac cones are formed in the single-
component molecular conductor [Pd(dddt),] (dddt = 5,6-
dihydro-1,4-dithiin-2,3-dithiolate), which shows temper-
ature-independent resistivity (zero-gap behavior) at 12.6
GPa. The Dirac cone formation in [Pd(dddt),] can be
understood by a tight-binding model. The Dirac points
originate from the HOMO and LUMO bands, each of
which is associated with different molecular layers. Overlap
of these two bands provides a closed intersection at the
Fermi level (Fermi line) if there is no HOMO—LUMO
coupling. Two-step HOMO—-LUMO couplings remove
the degeneracy on the Fermi line, resulting in gap
formation. The Dirac cones emerge at the points where
the Fermi line intersects with a line on which the

HOMO-LUMO coupling is zero.

S ince the discovery of the ambient-pressure single-

component molecular metal with a well-defined Fermi
surface in 2001," many neutral molecules have been surveyed to
find exotic electronic states. Single-component molecular
conductors belong to a multiple band system where both the
HOMO and the LUMO in the same molecule contribute to the
formation of conduction bands. The basic idea is an electron
transfer from the HOMO-based band to the LUMO-based
band, leading them to a partially filled state. In most single-
component molecular crystals, these bands are separated from
each other at ambient pressure, which leads to insulating
properties. The application of pressure, however, enlarges the
bandwidth of each band and induces overlap of them, which
produces charge carriers. We are studying the pressure effect in
single crystals of neutral metal—dithiolene complexes using a
diamond anvil cell (DAC).” Metal—dithiolene complexes are
known to have a small HOMO—-LUMO energy gap and thus
are suitable for the formation of the metallic band structure.’
Indeed, we found that neutral [Ni(dmit),] (dmit = 1,3-dithiole-
2-thione-4,5-dithiolate), one of the most significant and
fundamental components of molecular metals and super-
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conductors, turns into a metal with a three-dimensional
Fermi surface® and that neutral [Ni(hfdt),] (hfdt = bis-
(triftuoromethyl)tetrathiafulvalenedithiolate) shows supercon-
ductivity under pressure.’

The Dirac cone, where the occupied band contacts the
unoccupied band at a point in the wavenumber space, is known
to induce exotic transport properties. The linear dispersion
around the contact point realizes “massless Dirac fermions”.
Although the Dirac electron system has been reported to
emerge in several systems, including graphene,6 organic
materials,” and edge states of topological insulators,” the
number of Dirac electron systems in bulk crystals is still limited.
In the course of a study of the pressure effect in the neutral
metal—dithiolene complexes, we have found a Dirac electron
system in [Pd(dddt),] (dddt = $,6-dihydro-1,4-dithiin-2,3-
dithiolate) under high pressure. The [Pd(dddt),] molecule, in
which the central C=C double bond in the organic donor
molecule bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) is
replaced by a Pd ion, is known to provide various conducting
cation radical salts.” We present here the resistivity under high
pressure, crystal structure analysis, and band structure
calculations for the neutral [Pd(dddt),] crystal.

Neutral [Pd(dddt),] crystals were prepared by oxidation of
[(n-Bu),N][Pd(dddt),] by I, in acetone and acetic acid
according to the synthesis of [Ni(dddt),]." Figure 1 shows
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Figure 1. (a) Unit cell of [Pd(dddt),]. (b) Two crystallographically
independent molecular layers.
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the crystal structure of [Pd(dddt),]. The crystal belongs to the
monoclinic system. The unit cell contains four molecules, and
two of them (molecules 1 and 2) are crystallographically
independent. Almost-planar molecules stack uniformly along
the b axis. Along the diagonal a + c direction, the molecules
show a corrugated arrangement, and crystallographically
equivalent molecules form two kinds of layers, layer 1
(molecules 1 and 3) and layer 2 (molecules 2 and 4).

The temperature-dependent direct-current resistivity was
measured under pressure using a DAC.” Electrical contacts
were obtained by attaching four 10 pm gold wires with gold
paint. The sample and wires were protected by a mixture of
alumina and Araldite, resulting in a high success rate and high-
quality hydrostatic pressure. The pressure medium was Daphne
7373 oil. The pressure was determined by the shift in the ruby
fluorescence R1 lines at room temperature. At ambient
pressure, the system was too insulating for the resistivity to
be measured. The application of pressure decreased the
resistivity and activation energy (Figure 2). The continuous
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Figure 2. Temperature-dependent resistivity of [Pd(dddt),] up to
12.6 GPa.

change in the resistivity behavior under pressure suggests the
absence of a pressure-induced structural transition. At 12.6
GPa, the resistivity hardly changes over almost all of the
temperature range. This almost-constant resistivity is surprising.
Previous works, however, have shown that such constant
resistivity in Dirac electron systems may be possible in the
presence of a high density of scattering centers.”"'

We carried out first-principles density functional theory
(DFT) calculations with the PW91 generalized gradient
approximation (GGA)'> to understand the high-pressure
crystal and electronic structures. Using plane-wave basis sets
with the ultrasoft pseudopotential technique,'”'* we optimized
the cell parameters as well as the internal coordinates of
[Pd(dddt),] at several hydrostatic pressures. Hereafter, for
convenience in later discussions, we select a new a axis parallel
to layer 1 and layer 2 and define a new cell asa = —(a, + c,), b
= —b,, ¢ = ¢,, where a,, b, and ¢, are the original lattice vectors
(Figure 1).

The calculated HOMO—LUMO energy gap of an isolated
molecule (A) is 0.65 eV, which is much smaller than that of
ordinary 7 molecules (e.g, 1.67 eV for BEDT-TTF; see the
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Supporting Information (SI)). Since the unit cell contains four
molecules, there are four HOMO-based bands and four
LUMO-based bands. At ambient pressure, the system is a
band insulator in which the fully occupied HOMO bands are
separated from the unoccupied LUMO bands by a band gap of
0.22 eV (Figure S3). With increasing pressure, both the
HOMO and LUMO bands become wider, and they overlap at 8
GPa (Figure 3a). The most remarkable feature of the energy
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Figure 3. (a) Band structure at 8 GPa obtained by DFT calculations.
(b) Dirac cones are indicated by red arrows. (c) Band structure
obtained using the tight-binding model. (d) Band structure and Fermi
surface obtained using the 4 X 4 matrix (see the text).

band structure at 8 GPa is the emergence of a pair of Dirac
cones on the b* axis (Figure 3b). This is consistent with the
zero-gap behavior observed in the resistivity measurement.
Because first-principles calculations based on the GGA usually
underestimate the energy gap between the valence and
conduction bands, it is reasonable that the calculated pressure
needed to realize the zero-gap state is lower than the
experimentally observed one.”> The present result is the first
case where the Dirac electron system emerges in a single-
component molecular conductor. Notably, a pair of Dirac
points emerges from the I' point by the application of
pressure.'®

In order to understand the Dirac cone formation in this
single-component system, we studied a tight-binding model
based on extended Hiickel molecular orbital calculations.'” In
the first step, we calculated overlap integrals between frontier
molecular orbitals using the structural data optimized by the
DFT calculation. The transfer integral is obtained by
multiplying the overlap integral by a constant (—10 eV).
Table 1 shows transfer integrals (HOMO—HOMO, LUMO—
LUMO, and HOMO—LUMO) at 8 GPa. The transfer integrals
can be categorized as those within layer 1 and layer 2 and the
interlayer ones. In each layer, the largest transfer integrals are
those along the stacking direction (b, and b,). There also exist
significant interstack transfer integrals (p in layer 1 and q in
layer 2). The existence of the interlayer transfer integrals (a and
¢) indicates that the system has a three-dimensional character.
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Table 1. HOMO—HOMO (H), LUMO-LUMO (L), and
HOMO-LUMO (HL) Transfer Integrals (in meV) at 8 GPa
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In the tight-binding model, we consider four [Pd(dddt),]
molecules (1, 2, 3, and 4; Figure 1) with HOMO (H1, H2, H3,
H4) and LUMO (L1, L2, L3, L4) frontier molecular orbitals in
the unit cell. The band energies E(k) are obtained as
eigenvalues of the following 8 X 8 Hermite matrix:

tHl,Hl tHl,HZ tHl,H3 tHl,H4 tHl,Ll tHl,LZ tHl,L3 tHl,L4
*
tHZ,HZ tHZ,H3 tHZ,H4 tHZ,Ll tHZ,LZ tHZ,L} tHZ,L4
* *
tH3,H3 tH3,H4 tHS,Ll tHS,L?. tH3,L3 tH3,L4
k k k
A(k) tH4,H4 tH4,Ll tH4,L2 tH4,L3 tH4,L4
H =
* * * *
tLl,Ll tLl,LZ tLl,LS tLl,L4
* * * * *
tL2,L2 tLZ,L3 tLZ,L4
* * * * * * t t
L3,L3 "L3,L4
* * * * * * * t
L4,L4

where the matrix element t,; (given in the SI) is associated
with the coupling between frontier molecular orbitals @ and f
and the symbol * expresses the complex conjugate (hereafter,
we treat the complex conjugate implicitly).

The obtained energy band structure (Figure 3c) reproduces
essential features of the one obtained by the first-principles
calculation. In particular, the emergence of the Dirac points on
the b* axis strongly suggests that we can explain the formation
of the Dirac cones using the tight-binding model. In order to
assign molecular orbitals that contribute to the Dirac cone
formation, we extracted the following 4 X 4 matrix:

tyym teums taure ters
N tusms tasry tH3 L4
Ho=| |
trara tiors
* * * ¢
L4,L4

The band structure given by the above matrix (Figure 3d)
suggests that the Dirac points are associated with HOMOs in
layer 1 (H1 and H3) and LUMO:s in layer 2 (L2 and L4). A
serious difference, however, is that the Dirac point is absent and
the system has a two-dimensional Fermi surface, as shown in
Figure 3d. This is because all of the off-diagonal matrix
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elements associated with direct HOMO—LUMO couplings in

H'(k) are zero (fy1 15 = tyi e = tsra = tusie = 0). If there are
only intrastack HOMO—HOMO and LUMO-LUMO cou-
pling elements (i 5y = tys s = 2byyy cos(kb) and f575 = tr414
= A + 2by cos(kb)), this 4 X 4 model has one-dimensional
HOMO and LUMO bands, each of which is doubly degenerate.
As a result of the opposite signs of the transfer integrals (b
and b,; ), the HOMO band is convex and the LUMO band is
concave around the I" point. The interstack HOMO—HOMO
and LUMO—-LUMO coupling elements (ty;p; and f,;,)
containing transfer integrals py and gq; make each band split
into two, and the upper HOMO band and the lower LUMO
band cross each other (Figure 3d), which results in the
formation of the two-dimensional Fermi surface. If there are
HOMO-LUMO couplings, an energy gap opens at the
crossing points and the Fermi surface disappears.’ This is
what happens in the original 8 X 8 model. However, A’ (k)
with no direct HOMO—LUMO coupling cannot induce the
band repulsion. This suggests that the original 8 X 8 matrix
H(k) contains indirect couplings between HOMOSs in layer 1
(H1 and H3) and LUMO:s in layer 2 (L2 and L4).

We examined the band structure of the 8 X 8 tight-binding
model in which the intralayer HOMO—-LUMO coupling
elements are artificially set to zero (fy3 = tusry = taprs =
tigro = 0). In this case, the Dirac cones are absent, and the
closed Fermi surface appears around the I'" point (Figure S4a).
Similar emergence of the Fermi surface is also observed when
the interlayer HOMO—HOMO and LUMO—-LUMO coupling
elements (tHl,HZ) tus b4 b ps tas e e and tLZ,L3) containing
transfer integrals ay, ¢y, and ¢ are assumed to be zero (Figure
S4b). These results indicate that the gap opening originates
from two-step couplings between HOMOs in layer 1 (H1 and
H3) and LUMOs in layer 2 (L2 and L4), a product of the
intralayer HOMO—LUMO and interlayer HOMO—-HOMO/
LUMO-LUMO couplings (Figure 4). For example, H1

L3

Layer 1 |H1 |

Layer 2 12 l«—>H4 H2«—> L4 |

Figure 4. Two-step couplings between HOMOs in layer 1 (H1 and
H3) and LUMO:s in layer 2 (L2 and L4).

interacts with L2 via L3 or H4. In general, the two-step
HOMO-LUMO couplings can be understood by second-order
perturbation theory (see the SI). Nevertheless, there exist
points where the band repulsion does not act and the band
crossing remains, which results in Dirac cone formation. This is
the case because there is a line on which the HOMO—-LUMO
coupling is zero, and the Dirac cones emerge at the points
where the line crosses the Fermi surface (line). Indeed, for
every intralayer HOMO—-LUMO coupling element (ty; 3,
tus,c e and fy,p,) there exists a line on which its value is
zero in the wavenumber space, and all of these lines run along
the I'-Y line near the I" point (Figure S). This is consistent
with the emergence of the Dirac cones on the I'=Y line. A
similar mechanism was discussed for the Dirac electron system
in the cubic inverse perovskite Ca;PbO and its family.'® A point
that differs from the Ca;PbO system is the gap formation by the
two-step HOMO—LUMO couplings.
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Figure 5. Lines on which the intralayer HOMO—-LUMO coupling
element is zero within the a*b* plane (k, = 0): (a) ty; 13 = 0; (b) tuz 1,
=0; (C) thara = 0; (d) tie = 0.

In summary, we performed high-pressure resistivity measure-
ments using a DAC and first-principles DFT band calculations
for the single-component molecular conductor [Pd(dddt),]
and found that the Dirac electron system emerges under high
pressure. A possible mechanism for the Dirac cone formation
has been proposed using the tight-binding model. This is the
first step to full understanding of this unique Dirac electron
system. Details of the first-principles DFT calculations and the
property of parity of the wave function at the time-reversal-
invariant momentum will be reported elsewhere.
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