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A Single-Component Molecular Superconductor
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o6(RT) ~ 107" S cm™) and [Au(bdt),] (bdt = bis(benzene-1,2-

ABSTRACT: The pressure dependence of the resistivities dithiolato); o¢(RT) ~ 8 X 107 S cm™ at 0.54 GPa),
of a single-component molecular conductor, [Ni(hfdt),] respectively (Figure 1).5 In 2001, we prepared a single crystal
(hfdt = bis(trifluoromethyl)tetrathiafulvalenedithiolate)
with semiconducting properties at ambient pressure was o s s s CHs
examined. The four-probe resistivity measurements were s T NCT s Soau® S8 N_S s_s
performed up to ~10 GPa using a diamond anvil cell. The <SINS ?Is} @s' ~5© qs'-t Sdt]f? % IS Au'SIN?:S
low-temperature insulating phase was suppressed above ) Au(bdty v(a-tpdtz Au(Et-thiazdt), C2H:
7.5 GPa and the resistivity dropped, indicating the MeS s s_s s_s s.__SMe S, S~rS. S-S 8
superconducting transition occurred around 7.5—8.;g GPa MeSISHSISNI\SISHslsMe <j:s>=<sjs'M‘szs>:<s]3
with a maximum T, (onset temperature) of 5.5 K. The Ni(MeSydt); M(tmdt), (M=Ni, Cu, Pd, Au, Pt)
high-pressure crystal and electronic band structures were s s s.s s_S .
derived by the first-principle calculations at 6—11 GPa. <SIZ>:<zIS'MjsIs>:<sIS> ::EZ):(:IZNI:‘IEH:]‘;?
The crystal was found to retain the semiconducting band M(pidt), (M=Ni, Au) ’ Nithidt) :
. - 2
structure up to 6 GPa. But the electron and hole Fermi
surfaces appear at 8 GPa. These results of the calculations Figure 1. Molecules and the abbreviations.
agree well with the observation that the pressure-induced
superconducting phase of [Ni(hfdt),] appeared just above of [Ni(tmdt),] (tmdt = trimethylenetetrathiafulvalenedithio-
the critical pressure where the low-temperature insulating late) with room-temperature conductivity of ~400 S cm~t and
phase was suppressed. observed metallic behavior down to very low temperatures.7
Around the same time, the metallic properties of a single-
component molecular crystal [Au(a-tpdt),] (a-tpdt =2,3-
he single-component molecular superconductor is con- thiophenedithiolate) were also reported.® The electron and
sidered to be one of the ultimate goals in the search for hole Fermi surfaces of [Ni(tmdt),] were also suggested by ab
new molecular materials with unprecedented electronic proper- initio band structure calculations.” Furthermore, we observed
ties. The first organic superconductor composed of organic 7- de Haas-van Alphen oscillations of a tiny single crystal of
donors and inorganic mono-anions, (TMTSF),PF, (TMTSF = [Ni(tmdt),] using a microcantilever of an atomic force
tetramethyltetraselenafulvalene), was reported 34 years ago, microscope (AFM) and the hybrid magnet at the National
and the ﬁrst molecular superconductor, whose main ngh Magnetic Fleld Laboratory at Florida, Wthh proved
component was a transition metal dithiolate complex, i.e., strictly the existence of the single-component molecular crystal
(TTF)[Ni(dmit),], (TTF = tetrathiafulvalene; dmit =1,3-  with 3D Fermi surfaces."’
dithiol-2-thione-4,5-dithiolate) was discovered 28 years ago."” Besides the single-component molecular conductors with
Since then, many molecular superconductors have been normal metallic properties down to very low temperature, the
reported. However, all these molecular superconductors were systems  exhibiting the antiferromagnetic phase transitions at
composed of more than two chemical species, and most of the temperatures much higher than those of the representative
chemists considered the single-component molecular crystals to organic superconductors such as (TMTSF),X and x-ET,X (ET
be insulators until the beginning of this century,3’4 although the = bis(?E}}}Zrlenedithio)tetrathiafulvalene; X = inorganic mono-
superconducting transitions were observed in iodanil and anion) " were also discovered (eg, Ty ~ 110 K for

hexaiodobenzene under extremely high pressures.® [Au(tmdt),] and 95 K for [Cu(dmdt),] (dmdt = dimethylte-
In 1996, Underhill et al. and Bijhrnholm et al. developed the trathiafulvalenedithiolate).'>'* Considering that the antiferro-
conducting single-component molecular crystals composed of
nickel and gold complexes with dithiolate ligands, [Ni- Received: April 13, 2014
(MeS,dt),] (MeS,dt = dimethylthiotetrathiafulvalenedithiolate; Published: May 9, 2014
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magnetic and superconducting phases frequently adjacent to
each other in the phase diagrams of many superconductors
including the organic superconductors, the single-component
molecular conductors might be good candidates in the research
for a new type of molecular superconductor with higher T.. The
electrical and magnetic properties of a series of isostructural
[M(tmdt),] (M = Nj, Pt, Cu, Au) systems were examined, and
their highly conductin$ properties down to low temperatures
were revealed.>”'>"5™" However, the superconducting tran-
sition was not observed to date. The resistivity of the single-
component molecular conductor [Ni(ptdt),] (ptdt = propyle-
nedithiotetrathiafulvalenedithiolate) with semiconducting prop-
erties at ambient pressure was examined up to very high
pressures.zo’21 Although the metallization of [Ni(ptdt),] was
observed around 20 GPa, the superconducting transition was
not detected. Pressure-induced metallization was also found in
crystals of dithiolate gold complex, [Au(Et-thiazdt),] (Et-
thiazdt = N-ethyl-1,3-thiazoline-2-thione-4,5-dithiolate and the
Se-containing analogous system and also in the crystal of nickel
complex, [Ni(dmit),].>* It should be also mentioned that
besides the crystals of transition-metal dithiolate complexes,
Oakley et al. recently reported the metallization of the
insulating crystal of radical dimer molecules (C4N;S,Se,H,),. >
About a decade ago, we synthesized transition-metal complexes
with extended TTF ligands and hexafluoro moieties, (hfdt =
bis(trifluoromethyl)tetrathiafulvalenedithiolate), to improve the
solubility of the crystals in organic solvents.”**> As expected,
we obtained single crystals of [M(hfdt),] (M = Nj, Au) that
exhibited semiconducting properties. Recently, we examined
the resistivity of [Ni(hfdt),] up to ~10 GPa using a diamond
anvil cell (DAC).

Black plate crystals of [Ni(hfdt),] were grown electrochemi-
cally, following the reported procedure.** The room-temper-
ature structure, electronic band structure, and electrical,
magnetic and optical properties were previously reported.”*
To evaluate the possibility of a structural phase transition at a
low temperature, the crystal structure was determined at 12,
100, 200, and 250 K but no structure change was detected.
Because the crystal belongs to the triclinic system with the
space group of P-1 (no. 2) and Z = 1, all the Ni atoms are on
the lattice points. Owing to the strong segregation tendency of
the molecules with bulky terminal fluorinated groups,26 the
molecules arranged to form two-dimensional (2D) layers
parallel to the ac-plane (Figure 2a). The shortest intermolecular
F--F distance (e.g, 2.89 A at 12 K) was much longer than the
corresponding van der Waals contact (2.70 A) even at low
temperature. The lattice constants decreased with temperature
down to 12 K. The largest thermal contraction was observed
along the b direction, which was consistent with the 2D
character of the structure: Aa = 0.093 A, Ab = 0.332 A, and Ac
= 0.126 A between 12 and 295 K (Figure 2b). The average
thermal expansion coefficient ((AV/AT)/V) was 1.9 X 107*/K.
As mentioned later, the crystal and electronic band structures
were derived by the first-principle calculations at 6—11 GPa.
The pressure dependences of the calculated lattice constants
are presented in Figure 2c. The large compressibility along the
b axis is consistent with the 2D nature of the crystal. At 6 GPa,
—AV/V(at 1 bar) ~ 0.16. That is, the volume compressibility is
roughly estimated as 2.6 X 107> kbar™'. The semiconducting
electronic band structure at ambient pressure was 2D.** A
similar 2D but metallic band structure was suggested in
[Au(ptdt),], which will be due to the relatively small terminal
group of [Au(ptdt),].*
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Figure 2. (a) Molecular packing in [Ni(hfdt),]. The dotted line
indicates the shortest intermolecular F---F contact (2.89 A at 12 K)
between the conduction layers parallel to the ac plane. (b)
Temperature changes of the lattice constants, Aa, Ab, Ac and AV:
a=7964,b=16701, c = 5061 A, and V = 665.2 A% at 295 K.** (c)
The pressure changes of the lattice constants, 4, b, ¢, and V obtained by
the first-principle calculations. The large black and small blue open
circles and red open circles represent Aa, Ac, and Ab, respectively.

Four-probe resistivity measurements were performed up to
~10 GPa using 2 DAC (Figure 3). Crystals with a maximum
size of ~0.12—0.13 mm were used. High-pressure exiperiments
were performed following the reported procedure.”’ Four 10
pum gold wires were attached to the crystal with gold paint and
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Figure 3. (a) The temperature dependences of the resistivities of
[Ni(hfdt),] up to ~10 GPa (crystal A). The resistivities at 1 bar are
the data obtained for other crystal (crystal D). (b) A picture of a
sample in a DAC. The sample size was 0.13 X 0.02 X 0.01 mm>. (c)
Pressure dependences of the room-temperature resistivity (Rgr) (open
squares) and the activation energies (E,) of the resistivities: blue, red,
and green circles represent E, determined at the temperature regions
of 300—200 K and around 150 and 10 K, respectively.
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used as leads (Figure 3b). The diamond anvil had a top surface
diameter of 0.70 mm, and stainless steel SUS301 was used as
the metal gasket. Daphne oil 7373 was used for the pressure
medium, and the pressure was determined at room temperature
by monitoring the shift of the ruby fluorescence Rl lines.

At ambient pressure, the resistivity showed semiconducting
behavior with a room-temperature resistivity of ~6 X 10*> Q cm
and an activation energy (E,) of 0.14 eV (Figure 3a,c).”* The
room-temperature resistivity decreased rapidly with increasing
pressure (P) at P < 7 GPa (Figure 3c), but the pressure
dependence of E, was rather sluggish at P < 6 GPa. Around 7.3
GPa, E, decreased very sharply, and the metallic state appeared
above 7.5 GPa. Above 7.3 GPa, the pressure dependence of the
room-temperature resistivity became very small (~3 X 107> Q
cm). As shown in Figure 3a, at 7.6 GPa, the resistivity gradually
decreased down to ~85 K, then increased fairly rapidly with
decreasing temperatures, and a very small resistivity decrease
was detected around the lowest experimental temperature
(~3.3 K) (see Supporting Information (SI)). A sharp resistivity
drop indicating the superconducting transition was observed
around 8.1 GPa. The onset temperature of the superconducting
transition was ~5.5 K. This resistivity behavior clearly indicates
the existence of a single-component molecular superconductor.
Above 8.7 GPa, a superconducting transition was not observed
at least above 3.3 K. As shown in Figure 3a, a slight resistivity
increase was observed at low temperatures (8.7 and 9.5 GPa).
However, this resistivity increase is not considered an intrinsic
property of the system because it was not observed in crystal C
(see SI).

The magnetic field dependence of the resistivity was
measured up to 7 T. As shown in Figure 4a, the resistivity
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Figure 4. (a) The resistivity behavior under magnetic field (crystal A,
0—7 T). (b) Another example of the magnetic field dependence of the
low-temperature resistivity behavior (crystal B). (c) P—T phase
diagram. Open circles are Ty, where the temperature dependence of
the resistivity took a resistivity minimum. Open squares are the onset
temperature of superconducting transition.

drop was suppressed by applying a magnetic field. Similar
measurements were also made for other crystals (crystal B
(Figure 4b) and crystal D (see SI)). A small resistivity drop at
7.6 GPa and the almost complete suppression of this resistivity
drop at 7 T (Figure 4b) indicated that the lowest pressure of
the superconducting region in the pressure—temperature (P—
T) phase diagram was ~7.5 GPa. The P—T phase diagram is
presented in Figure 4c. The superconducting phase appeared in
the pressure range of 7.5—8.6 GPa at T > 3.3 K. Similar to
representative organic superconductors with 2D electronic
structures, such as k-ET,X,'* the superconducting phase of
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[Ni(hfdt),] appeared just above the critical pressure where the
semiconducting phase was suppressed by pressure.'”'?®

To understand the origin of pressure dependence of the
conductivity, we performed first-principle electronic-structure
calculations as a function of pressure (Figure S). Starting from
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Figure 5. (a) Electronic band energy dispersion at 8 GPa. k-points are
described in units of (a*/2,b%/2,c*/2). (b) Electronic density of states
at 8 GPa. (c) Electron and hole Fermi surfaces at 8 and 10 GPa.

the experimental structure at ambient pressure and 200 K, the
lattice parameters and atomic positions are computationally
optimized applying a hydrostatic pressure of 6—11 GPa. We
used our computational code QMAS (Quantum MAterials
Simulator)*® based on the projector augmented-wave method*”
with the generalized gradient approximation (GGA)*® to
describe exchange-correlation energy. The obtained lattice
parameters are plotted in Figure 2c. They decrease monoto-
nously with pressure increasing. The compressibility of the a
axis is slightly smaller than those of the other axes.

The calculated band gap at ambient pressure (~0.12 eV) is
significantly smaller than the value expected from the activation
energy (E,) of the resistivity (~0.14 eV) (see also Figure 3c).”*
This is general tendency of the GGA (and the local density
approximation also). At 6 GPa, the band gap is calculated to be
0.01 eV, and at 8 GPa, the band gap disappears and the system
becomes a semimetal with Fermi surfaces consisting of small
hole and electron pockets as shown in Figure S. This pressure
variation of the band gap is consistent with the variation of the
activation energy shown in Figure 3c. The sizes of Fermi
surfaces grow with pressure. At 10 GPa, there are quasi-2D hole
and electron Fermi surfaces as shown in Figure Sc. To clarify,
the relationship between the experimentally observed super-
conductivity and the calculated electronic structures is a future
issue.

In summary, the four-probe resistivity measurements were
performed on the single-component molecular conductor,
[Ni(hfdt),] up to 10 GPa by using DAC technique. The
resistivity decreased with pressure, and the activation energy
became zero at around 7.5 GPa. The superconducting
transition was observed at 7.5—8.6 GPa. Such resistivity
behavior was reproduced by the first-principle crystal and
electronic band structure calculations, which indicates the
superconducting phase of [Ni(hfdt),] appears just after the
low-temperature insulating phase is suppressed by pressure.
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