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The organic conductofMDT-TS)(Aul,)g 441 Undergoes a metal-insulator transition Taf; =50 K, where
MDT-TS is 5H-2-(1,3-diselenol-2-ylidenel,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 appear3 & 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 thesurate anion potentidl. The salts of the sulfur analog
copper-oxide (high-T,) superconductors, heavy fermion MDT-ST, where MDT-ST is 5i-2-(1,3-dithiol-2-ylidene-
compounds, and organic molecular crystals; the super-  1,3-diselena-4,6-dithiapentalefigig. 1(a)], have similar in-
conducting phases appear in the vicinity of the antiferromagcommensurate structures, and also show superconductivity at
netic state. In view of the current theoretical models, theambient pressur®.
superconductivity in these materials is possibly mediated by Recently, we have developed another sulfur derivative
the spin fluctuation$. Organic superconductors such as (MDT-TS)(Aul,)o 441 [Fig. 1(@], which has basically the
(TI_\/ITSF)ZX (TMTSF: tetramethyl—tetraselengfgIvalenﬁ_; same crystal structurfFigs. Xb) and Xc)], but exhibits a
aniong and «-(ET);X [ET: bigethylenedithigtetrathi-  metal.insulator transition at low temperatutésThe tight-
afulvaleng have superconducting phases bordering on spilinding energy band of these compounds, without the incom-
density waveSDW) or antiferromagnetic insulating states in mensurate anion potential, is expressed as the following
the temperature-pressuf@-P) phase diagrams. It is charac- gquation:
teristic of these organic superconductors that the ratio of the
donor molecules to anions is stoichiometric 2:1, and the car- E(Ka Kp) = * 2V(ty + tp)® = 4ty Sirnf(kea/2)cogkyb/2)
rier number is fixed to one hole per two donor molecules.

The donor molecules form dimerized structures, and the re- + 2, coskaa). @)
sulting 3/4-filled band in the presence of the dimerizationThe transfer integral§, defined in Fig. 1b), are estimated
gap corresponds to effective half filling. The ground state ofrom the intermolecular overlap integra® ast;=EX § in
these organic superconductors is regulatet bW, whereU which the energy level of the highest occupied molecular
is the on-site Coulomb repulsion aMl is the bandwidth. orbital (HOMO) E is taken to be -10 eV. The overlap inte-
Accordingly, the ground state depends not only on physicagrals are calculated on the basis of the extended Hiickel
pressure but also on the change of the arforchemical ~method? We have calculated the overlap integrals without S
pressurg 3d and Se 4 orbitals on the basis of the results @IDT-

By contrast, an ambient-pressure organic supercontSF(Auly)g 436 reported in Ref. 9. The calculated transfer
ductor (MDT-TSF)(Auly)g 436 Where MDT-TSF is methyl- integrals of the present compound atg=76, t,;=-7.9,
enedithio-tetraselenafulvalefig. 1(a)], has uniform donor and t,,=—26.3 meV. Owing to the sulfur substitution, the
stacking without dimerization, and the anions form chaingotal ~ bandwidth, ~W=4t,+ 2|ty +tpo|+ 2/t —t,o,  of
running parallel to the donor stack3he anion periodicity is (MDT-TS)(Aul,)g441 is 26% smaller than that of
incommensurate to the donor spacing, and the nonintegeMDT-ST)(l3)o.417 Therefore, the electronic correlation of
composition has been determined from the ratio of the donothis compound is strongest among these conductors. The cal-
lattice (a=4.016 A and the anion lattice(a’=9.221 A culated Fermi surfacfFig. 1(d)] is, however, a 2D one not
asa/a’=0.436° Therefore, the energy band is not effective much different from the superconducting selenium analogs.
half filling. The Fermi surface is two-dimension&2D) The present paper reports discovery of superconductivity
owing to the considerable interchain interaction, and then this compound under pressure as well as the investigations
existence of closed orbits has been verified by theof the T-P phase diagram and the ground state at ambient
observation of the Shubnikov—de Haas oscillations togethegpressure. This work elucidates for the first time a transition
with the characteristic reconstruction due to the incommenfrom an insulating state to a superconducting state in an in-
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FIG. 2. (@ [Resistivity and thermopower of
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FIG. 1. () MDT-TSF series moleculegb) Crystal structure . . .. .
projected along the molecular long axis aogl projeyction onto the slightly anisotropic in the copductlng shg(elne ab plane).
bc plane of (MDT-TS)(Aul,)os; (d) The energy band structure The thermopower also gxh|b|ts .metalhc t_)ehawor above
and the Fermi surface. Tp:85 K anq shpws semlcond_uctlng b(_ehawor below 85 K.

The first derivative of the semiconducting plot of the ther-
commensuratgnon integer carrier numbgiorganic super- mopower,dQ/d(1/T), also gives us the same values Tof
conductor. andTy,.

Single crystals were prepared Dby the electro- High-pressure resistivities are shown in Figa)3T, and
crystallization'! Electrical resistivity was measured by the T, shift to lower temperatures as the pressure increases, and
four-probe method along the axis with ac currentusually  the resistivities drop to the noise level abdvg=10.5 kbar
100 xA) down to 1.5 K. The high-pressure resistivity mea- below onsefl,=4.3 K (midpoint T,=3.2 K). These resistiv-
surements were carried out by the conventional clamp ceity drops indicate a superconducting transition, because the
technique. Because the pressure is released by about 1.5 kliops are suppressed by magnetic fig¢klgs. 3b) and 3c)].
between 300 K and 50 K, this value has been subtracteBigures 8b) and 3c) show that the resistance peak corre-
from room-temperature valué$Thermoelectric power mea- sponds to the onséf,. The resistance peak does not disap-
surement was carried out by the two terminal method alongear in the measured pressure region, apihcreases with
the a andb axes down to 2.0 K. For the magnetoresistancencreasing pressur@nidpoint T.=4.4 K at 11.9 kbar In the
measurements, the sample was mounted on a cryostat inragionT,<T<T,, negative magnetoresistance was observed
9 T superconducting magnet, and was cooled to 1.5 K. Thas shown in Figs. ®) and 3c).
static magnetic susceptibility was measured by a SQUID Figure 4 shows the static magnetic susceptibiljty and
magnetometer under the magnetic fieldrb£10 kOe. The  y,). The value of the spin susceptibility at room temperature
measurements were carried out for aligned crystalgs 5.9x 104 emu/mol. In spite of the decreasing resistivity
[2.065) mg] under the fields oHlla and Hilb. The spin  at high temperatures, the spin susceptibility gradually in-
susceptibilities were obtained after the subtraction of Pasereases with decreasing temperature, indicating a strongly
cal's law, xgi,=—4.70x10*emu/mol, where we define correlated state. To the best of our knowledge, there is no
1 mol as(MDT-TS), ,AAul,). organic conductor showing decreasing resistivity together

Figure 2 shows tha-axis resistivity(p) and thermopow- with increasing susceptibility. Botly, and x, have a broad
ers (Q and Q) at ambient pressure. The resistivity de- peak at 75 K(7.5x 10* emu/mo) and decrease below this
creases with decreasing temperature and increases beld@mperature. This temperature dependence is, however, nei-
T,=85 K. The metal-insulator transition temperat(ig is  ther well reproduced by the one-dimensioiiaD) Heisen-
determined from the peak af(In p)/d(1/T) as Ty, =50 K.  berg model, the 2D square lattice model, nor the 2D triangu-
The charge gap estimated from the slope of the Arrheniutar lattice model. The results fitted to these three
plots isA~710 K atTy,. The charge gap strongly depends antifferomagnet modelgS=1/2) are depicted in Fig. #-1°
on the temperature and decreasedte36 K around 10 K. The temperature dependence of the magnetic susceptibility is
The thermopowers show that the carriers are holes andeaker than these models and is intermediate of the itinerant
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§ of this phase diagram. Although this phase diagram re-
e 06 sembles that of TMTSF),X,2° T, and T, of the present
2 compound are about four times higher than those of
:E 0.4 (TMTSF),X. The magnetic insulating state belowWy,
4 =50 K is not a simple antiferromagnetic state with alternate
§ 0.2 spins such asc«(ET),X, because each molecule or dimer
does not have one electron. In this sense, the insulating state
0.0 is regarded as a kind of SDW state. In contrast to
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and localized states. The magnetic susceptibility shows an-
isotropic behavior below the antiferromagnetic transition at
Ty=50 K (Fig. 4). This temperature agrees with the metal-
insulator transition temperatuig,, observed in the resistiv-
ity. The easy axis corresponds to the crystallographéxis. o
The temperature at which the susceptibility has a peak is Superconductor
close toT,, suggesting that the resistivity minimum is poten-
tially associated with the magnetic fluctuations abdyg.
Figure 5 shows the T-P phase diagram of Pressure (kbar)
(MDT-TS)(Aul,)q 441 based on the transport and the mag-
netic measurements. We can locate ambient-pressure state ofFIG. 5. The phase diagram @¥DT-TS)(Aul,)g.44; The solid
the MDT-TSF and MDT-ST superconductors above 12 kbawmnd dotted lines are guides to the eye.

Temperature (K)
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If we take account of the incommensurate anion potential,

—— Donor lattice f‘ '}n the resulting subband of the present compound is effective
Tttt Amm;“f‘fﬁe /i,i’.)[.,ﬁ/_ -zz -}- half filling. Nonetheless this state is not simply understood as
' ' ' : the &g state in a 1D system, because the present system is
E + : E : entirely 2D. Furthermore, only the effect bf cannot make
i ‘ : : the system insulating, but the influence of the nearest-
R B 1] i1 I neighbor Coulomb repulsionV (the extended Hubbard

mode) is necessary/'8In this sense, the “incommensurate

antiferromagnetic insulating state” is a kind of charge or-
FIG. 6. Schematic drawing of the incommensurate antiferro-dered state. The present phase diagram demonstrates that the

magnetic insulator. incommensurate electron localizes to a charge ordered state

(TMTSPF),X, however, the electronic state of the presentWithOUt particular as_sistance of Qimerizat_ianmrand even
compound is two dimensiongFig. 1(d)], and the Fermi sur- undergoes an antiferromagnetic transition. Furthermore,
face does not nest. Moreover, the effective Bohr magnetorthere is even a possibility that the superconducting state is
>0.7ug, is much larger than that of the typical SDW order- associated with the incommensurate antiferromagnetic fluc-
ing (~0.1ug).° tuation.

This new electronic state is naively understood by assum- In summary,(MDT-TS)(Aul5)g 441 is the first incommen-
ing a localized state that is incommensurate to the donogurate organic system that shows a transition from an “in-
sites. As shown in Fig. 6, each 2.2verse of 0.441donor  commensurate antiferromagnetic insulating state” to a super-
molecules have one hole. On account of the strong correlaconducting phase at 3.2 K under 10.5 kbar. The precise
tion, the electron is localized, and undergoes an antiferrodescription of this new localized state will also be related to
magnetic transition. The insulating state is symbolicallythe symmetry of the superconducting state.
called “incommensurate antiferromagnetic insulating state.”
In the (TMTSPF),X and x-(ET),X series, the importance of The authors thank Professor H. Fukuyama for the concept
dimerization and the effectively half-filled situation has beenof the “incommensurate antiferromagnetic insulator.” This
emphasized for a long time, but a similar phase diagramvork was partially supported by a Grant in Aid for Scientific
appears in the present compound in spite of the nonintegdResearch{Grant Nos. 14740377, 15073211, and 15073218

carrier number.
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