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The organic conductorsMDT-TSdsAuI2d0.441 undergoes a metal-insulator transition atTMI =50 K, where
MDT-TS is 5H-2-s1,3-diselenol-2-ylidened-1,3,4,6-tetrathiapentalene. The static magnetic susceptibility dem-
onstrates an antiferromagnetic ordering below this temperature. Hydrostatic pressure suppresses this insulating
state, and a superconductivity appears atTc=3.2 K above 10.5 kbar. The phase diagram demonstrates a tran-
sition from the incommensurate antiferromagnetic insulating state to a superconducting state in an organic
conductor with a noninteger carrier number.
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In the strongly correlated electron materials including the
copper-oxide shigh-Tcd superconductors,1 heavy fermion
compounds,2 and organic molecular crystals,3–5 the super-
conducting phases appear in the vicinity of the antiferromag-
netic state. In view of the current theoretical models, the
superconductivity in these materials is possibly mediated by
the spin fluctuations.6 Organic superconductors such as
sTMTSFd2X sTMTSF: tetramethyl-tetraselenafulvalene,X:
anionsd and k-sETd2X fET: bissethylenedithiodtetrathi-
afulvaleneg have superconducting phases bordering on spin
density wavesSDWd or antiferromagnetic insulating states in
the temperature-pressuresT-Pd phase diagrams. It is charac-
teristic of these organic superconductors that the ratio of the
donor molecules to anions is stoichiometric 2:1, and the car-
rier number is fixed to one hole per two donor molecules.
The donor molecules form dimerized structures, and the re-
sulting 3/4-filled band in the presence of the dimerization
gap corresponds to effective half filling. The ground state of
these organic superconductors is regulated byU /W, whereU
is the on-site Coulomb repulsion andW is the bandwidth.
Accordingly, the ground state depends not only on physical
pressure but also on the change of the anionX schemical
pressured.

By contrast, an ambient-pressure organic supercon-
ductor sMDT-TSFdsAuI2d0.436, where MDT-TSF is methyl-
enedithio-tetraselenafulvalenefFig. 1sadg, has uniform donor
stacking without dimerization, and the anions form chains
running parallel to the donor stacks.7 The anion periodicity is
incommensurate to the donor spacing, and the noninteger
composition has been determined from the ratio of the donor
lattice sa=4.016 Åd and the anion latticesa8=9.221 Åd
asa/a8=0.436.8 Therefore, the energy band is not effective
half filling. The Fermi surface is two-dimensionals2Dd
owing to the considerable interchain interaction, and the
existence of closed orbits has been verified by the
observation of the Shubnikov–de Haas oscillations together
with the characteristic reconstruction due to the incommen-

surate anion potential.9 The salts of the sulfur analog
MDT-ST, where MDT-ST is 5H-2-s1,3-dithiol-2-ylidened-
1,3-diselena-4,6-dithiapentalenefFig. 1sadg, have similar in-
commensurate structures, and also show superconductivity at
ambient pressure.10

Recently, we have developed another sulfur derivative
sMDT-TSdsAuI2d0.441 fFig. 1sadg, which has basically the
same crystal structurefFigs. 1sbd and 1scdg, but exhibits a
metal-insulator transition at low temperatures.11 The tight-
binding energy band of these compounds, without the incom-
mensurate anion potential, is expressed as the following
equation:

Eska,kbd = ± 2Îstp1 + tp2d2 − 4tp1tp2 sin2skaa/2dcosskbb/2d

+ 2ta cosskaad. s1d

The transfer integralsti, defined in Fig. 1sbd, are estimated
from the intermolecular overlap integralsSi as ti =E3Si in
which the energy level of the highest occupied molecular
orbital sHOMOd E is taken to be −10 eV. The overlap inte-
grals are calculated on the basis of the extended Hückel
method.12 We have calculated the overlap integrals without S
3d and Se 4d orbitals on the basis of the results ofsMDT-
TSFdsAuI2d0.436 reported in Ref. 9. The calculated transfer
integrals of the present compound areta=76, tp1=−7.9,
and tp2=−26.3 meV. Owing to the sulfur substitution, the
total bandwidth, W=4ta+2utp1+ tp2u+2utp1− tp2u, of
sMDT-TSdsAuI2d0.441 is 26% smaller than that of
sMDT-STdsI3d0.417. Therefore, the electronic correlation of
this compound is strongest among these conductors. The cal-
culated Fermi surfacefFig. 1sddg is, however, a 2D one not
much different from the superconducting selenium analogs.

The present paper reports discovery of superconductivity
in this compound under pressure as well as the investigations
of the T-P phase diagram and the ground state at ambient
pressure. This work elucidates for the first time a transition
from an insulating state to a superconducting state in an in-
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commensuratesnon integer carrier numberd organic super-
conductor.

Single crystals were prepared by the electro-
crystallization.11 Electrical resistivity was measured by the
four-probe method along thea axis with ac currentsusually
100 mAd down to 1.5 K. The high-pressure resistivity mea-
surements were carried out by the conventional clamp cell
technique. Because the pressure is released by about 1.5 kbar
between 300 K and 50 K, this value has been subtracted
from room-temperature values.13 Thermoelectric power mea-
surement was carried out by the two terminal method along
the a andb axes down to 2.0 K. For the magnetoresistance
measurements, the sample was mounted on a cryostat in a
9 T superconducting magnet, and was cooled to 1.5 K. The
static magnetic susceptibility was measured by a SQUID
magnetometer under the magnetic field ofH=10 kOe. The
measurements were carried out for aligned crystals
f2.06s5d mgg under the fields ofH ia and H ib. The spin
susceptibilities were obtained after the subtraction of Pas-
cal’s law, xdia=−4.70310−4 emu/mol, where we define
1 mol assMDT-TSd2.27sAuI2d.

Figure 2 shows thea-axis resistivitysrd and thermopow-
ers sQia and Qibd at ambient pressure. The resistivity de-
creases with decreasing temperature and increases below
Tr=85 K. The metal-insulator transition temperatureTMI is
determined from the peak ofdsln rd /ds1/Td as TMI =50 K.
The charge gap estimated from the slope of the Arrhenius
plots isD<710 K atTMI. The charge gap strongly depends
on the temperature and decreases toD<36 K around 10 K.
The thermopowers show that the carriers are holes and

slightly anisotropic in the conducting sheetsthe ab planed.
The thermopower also exhibits metallic behavior above
Tr=85 K and shows semiconducting behavior below 85 K.
The first derivative of the semiconducting plot of the ther-
mopower,dQ/ds1/Td, also gives us the same values ofTr

andTMI.
High-pressure resistivities are shown in Fig. 3sad. Tr and

TMI shift to lower temperatures as the pressure increases, and
the resistivities drop to the noise level abovePc=10.5 kbar
below onsetTc=4.3 K smidpoint Tc=3.2 Kd. These resistiv-
ity drops indicate a superconducting transition, because the
drops are suppressed by magnetic fieldsfFigs. 3sbd and 3scdg.
Figures 3sbd and 3scd show that the resistance peak corre-
sponds to the onsetTc. The resistance peak does not disap-
pear in the measured pressure region, andTc increases with
increasing pressuresmidpointTc=4.4 K at 11.9 kbard. In the
regionTc,T,Tr, negative magnetoresistance was observed
as shown in Figs. 3sbd and 3scd.

Figure 4 shows the static magnetic susceptibilitysxa and
xbd. The value of the spin susceptibility at room temperature
is 5.9310−4 emu/mol. In spite of the decreasing resistivity
at high temperatures, the spin susceptibility gradually in-
creases with decreasing temperature, indicating a strongly
correlated state. To the best of our knowledge, there is no
organic conductor showing decreasing resistivity together
with increasing susceptibility. Bothxa and xb have a broad
peak at 75 Ks7.5310−4 emu/mold and decrease below this
temperature. This temperature dependence is, however, nei-
ther well reproduced by the one-dimensionals1Dd Heisen-
berg model, the 2D square lattice model, nor the 2D triangu-
lar lattice model. The results fitted to these three
antifferomagnet modelssS=1/2d are depicted in Fig. 4.14–16

The temperature dependence of the magnetic susceptibility is
weaker than these models and is intermediate of the itinerant

FIG. 1. sad MDT-TSF series molecules.sbd Crystal structure
projected along the molecular long axis andscd projection onto the
bc plane of sMDT-TSdsAuI2d0.441. sdd The energy band structure
and the Fermi surface.

FIG. 2. sad Resistivity and thermopower of
sMDT-TSdsAuI2d0.441. sbd The definition ofTr andTMI by the resis-
tivity data.
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and localized states. The magnetic susceptibility shows an-
isotropic behavior below the antiferromagnetic transition at
TN=50 K sFig. 4d. This temperature agrees with the metal-
insulator transition temperatureTMI observed in the resistiv-
ity. The easy axis corresponds to the crystallographicb axis.
The temperature at which the susceptibility has a peak is
close toTr, suggesting that the resistivity minimum is poten-
tially associated with the magnetic fluctuations aboveTMI.

Figure 5 shows the T-P phase diagram of
sMDT-TSdsAuI2d0.441 based on the transport and the mag-
netic measurements. We can locate ambient-pressure state of
the MDT-TSF and MDT-ST superconductors above 12 kbar

of this phase diagram. Although this phase diagram re-
sembles that ofsTMTSFd2X,3,5 TMI and Tc of the present
compound are about four times higher than those of
sTMTSFd2X. The magnetic insulating state belowTMI

=50 K is not a simple antiferromagnetic state with alternate
spins such ask-sETd2X, because each molecule or dimer
does not have one electron. In this sense, the insulating state
is regarded as a kind of SDW state. In contrast to

FIG. 3. sad Temperature dependence of the resistivities under
various pressures.sbd Resistivities under various magnetic fields at
10.5 kbar andscd at 11.4 kbar.

FIG. 4. Temperature dependence of the static magnetic suscep-
tibilities sH ia and H ibd. The dotted line is the 1D Heisenberg
modelsJ=−85 K andmeff=0.76mBd, the solid line is the 2D square
lattice modelsJ=−110 K andmeff=0.77mBd, and the dashed line is
the 2D triangular lattice modelsJ=−209 K andmeff=1.1mBd fitted
to the observed data ofH ib, underg=2.0. The inset shows the data
in the low-temperature region.

FIG. 5. The phase diagram ofsMDT-TSdsAuI2d0.441. The solid
and dotted lines are guides to the eye.
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sTMTSFd2X, however, the electronic state of the present
compound is two dimensionalfFig. 1sddg, and the Fermi sur-
face does not nest. Moreover, the effective Bohr magneton,
.0.7mB, is much larger than that of the typical SDW order-
ing s,0.1mBd.5

This new electronic state is naively understood by assum-
ing a localized state that is incommensurate to the donor
sites. As shown in Fig. 6, each 2.27sinverse of 0.441d donor
molecules have one hole. On account of the strong correla-
tion, the electron is localized, and undergoes an antiferro-
magnetic transition. The insulating state is symbolically
called “incommensurate antiferromagnetic insulating state.”
In the sTMTSFd2X and k-sETd2X series, the importance of
dimerization and the effectively half-filled situation has been
emphasized for a long time, but a similar phase diagram
appears in the present compound in spite of the noninteger
carrier number.

If we take account of the incommensurate anion potential,
the resulting subband of the present compound is effective
half filling. Nonetheless this state is not simply understood as
the 4kF state in a 1D system, because the present system is
entirely 2D. Furthermore, only the effect ofU cannot make
the system insulating, but the influence of the nearest-
neighbor Coulomb repulsionV sthe extended Hubbard
modeld is necessary.17,18 In this sense, the “incommensurate
antiferromagnetic insulating state” is a kind of charge or-
dered state. The present phase diagram demonstrates that the
incommensurate electron localizes to a charge ordered state
without particular assistance of dimerization orU, and even
undergoes an antiferromagnetic transition. Furthermore,
there is even a possibility that the superconducting state is
associated with the incommensurate antiferromagnetic fluc-
tuation.

In summary,sMDT-TSdsAuI2d0.441 is the first incommen-
surate organic system that shows a transition from an “in-
commensurate antiferromagnetic insulating state” to a super-
conducting phase at 3.2 K under 10.5 kbar. The precise
description of this new localized state will also be related to
the symmetry of the superconducting state.
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FIG. 6. Schematic drawing of the incommensurate antiferro-
magnetic insulator.
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