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of the crystal is almost parallel to thleaxis, which corresponds

to the magnetic easy axis of the antiferromagnetic spin struc-
ture378 The conduction layer composed of BETS molecules is
parallel to theac plane. The electrical resistivities were measured
using the clump-type high-pressure cell from room temperature
to about 0.55 K. The electrical resistivities were also measured
under the magnetic field applied almost parallel and perpendicular
to the conduction layer.

Figure 1 shows the temperature dependence of resistivity under
high pressure. As reported before, the resistivity increases
gradually down to ca. 90 K at ambient pressure, indicating the
strong correlation oft conduction electron®.Then it decreases
down to about 8.5 K, below which the—d coupled antiferro-
magnetic insulating state develops. The broad resistivity maximum
around 90 K disappeared at high pressure and the metal-to-
insulator transition temperaturéy) was depressed. These results
are in good agreement with the previously reported ofigg:=
4.0 K at 2.0 kbar and 2.6 K at 2.5 kbadAround 3.0 kbar, the
superconducting transition was observéd ¢& 1.8 K). Tc was
decreased with increasing pressure.

LCC-CNRS, 205 Route de Narbonne 31077 Toulouse, France Owing to the w—d coupling, A-(BETS)FeCl, exhibits a
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In the recent studies on organic conductors containing magnetic

ions such as Fe and C@d™, the role of the interaction between

s conduction electrons of organic molecules and localized
magnetic moments of anions is of central interest. The system
with weak 7—d interaction such as the paramagnetic organic
superconductor (BEDT-TTHH;0)[Fe(GO4)3]+(CsHsCN) [BEDT-

TTF = bis(ethylenedithio)tetrathiafulvalene] will exhibit normal
metallic or superconducting propertie€n the other hand, the
system like the title compountd(BETS)FeCl, with strongz—d
coupling is expected to exhibit various novel electric and magnetic
properties owing to the interplay betweemand d electrons [BETS

= his(ethylenedithio)tetraselenafulvaleA&]n fact, A-(BETS)FeCl,

undergoes a very unique antiferromagnetic transition, where the

interaction between localized magnetic moments and strongly
correlatedr conduction electrons plays an essential role. The large
magnetic moments of Feions will induce ther spins on donor
molecules to develop a—d coupled antiferromagnetic spin
structure. Thus, the antiferromagnetic transition and the metal-
to-insulator transition take place cooperatively #BETS)FeCl,

at 8.5 K2 The tendency of the localization afelectrons related

to the electron correlation effect will be diminished with increasing
pressure because theslectron system will take a normal metallic
state under high pressure. Then thand d electron systems tend

characteristic field dependence of the conducting properties.
Several years ago, Goze et al. first discovered the field-restored
highly conducting state (FRHCS) df-(BETS)FeCL.>° The
antiferromagnetic insulating ground state is destabilized under
magnetic field and the metallic state is restored above 110 kOe.
At high magnetic field, the Fe spins § = 5/2) are oriented
ferromagnetically. Consequently, teeand d electron systems
tend to be decoupled and the metallic state with ferromagnetically
oriented F&" spins is realized. To see FRHCS at high pressure,
the magnetic field was applied to the crystal at 2.5 kbar and 0.55
K, where the system takes the-d coupled antiferromagnetic
insulating state at zero field (see Figure 1). The resistivity showed
a sharp decrease around 55 kOe, showing the recovery of metallic
state (FRHCS). The critical field at 2.5 kbar was half of that at
ambient pressure.

Figure 2a shows the field dependence of resistivities at 3.5
kbar and 0.55 K, where the system has a superconducting ground
state. When the magnetic field was applied perpendicular to the
conduction layer, the nonzero resistivity began to appear at 4.5
kOe, and the increase of resistivity was saturated at 8.0 kOe. The
suppression of the superconducting transition by magnetic field
is also presented in Figure 2b. On the other hand, in the case of
parallel magnetic field, the superconducting state began to be
broken at 0.5 kOe, where the resistivity increased sharply. Then
it increased gradually up to 13 kOe (Figure 2a). These results

to be decoupled to each other and the antiferromagnetic order ofSUggest an anisotropic electronic structure of the system.

Fe*t spins andr conduction electrons will coexist i (BETS)-
FeCl, at high pressuré Furthermore A-type BETS conductors

show very interesting new transporting phenomena such as a
superconductor-to-insulator transition and a superconductor-to-

metal transition when the magnetic 3Feions are diluted by
nonmagnetic GH ions?® In the present paper, the discovery of
the superconductivity in this uniquer—d electron system
A-(BETS)FeCl, is reported.

Thin needle crystals of-(BETS)FeCl, were prepared by the
electrochemical oxidation according to the reported conditions.
The A-type BETS crystal has a triclinic lattice. The needle axis
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A-(BETS)FeCl, showed a metal-to-insulator transition at 2.5
kbar and a superconducting transition at 3.5 kbar (Figures 1 and
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. . . (see inset of Figure 1). By applying very weak magnetic field
(0.3 kOe), this anomalous resistivity increase was suppressed and
the superconducting state was stabilized. The pressure dependence
of Tc was almost equal to that of tietype BETS superconductor
without Fé* ions: dl'c/dP ~ —0.5 deg/kbar foi-(BETS)FeCl,
and—0.5 to —0.7 deg/kbar fol-(BETS)GaBrCls—x (x = 0.0—
1.5))**2Since the lattice constants b{BETS)FeCl, are almost
equal to those of-(BETS)GaCl,*® thex electron states of these
two salts will closely resemble each other if the-d interaction

is not included. Thelc value of A-(BETS)GaCl, at 3 kbar is
reported to be about 3 K,which is aboti 1 K higher thanTc of
A-(BETS)FeCl, at 3 kbar.

As mentioned above, recent studies on magnetic susceptibility
i /4 of the high-pressure metallic phase B{BETS),FeCl, showed

104 4! _j ] ) the susceptibility peak suggesting antiferromagnetic ordering of

1 10 100 Fe*t spins? For example, at 3.5 kbar, above which the insulating
Temperature / K phase is absent, the susceptibility peak observedkaand the

Figure 1. The resistivity ofi-(BETSpFeCk at 2.5 (a), 3.0 (b), 3.2 (c), spin-flop behavior. indicate thg coexistence mfc_onduction
4.0 (d), 4.5 (), and 5.0 (f) kbar. The inset shows the anomalous resistivity €lectrons and antiferromagnetically ordered*Fspins at low
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behavior observed at 3.2 kbar. temperature. On the other hand, the present study shows that
A-(BETS)FeCl, undergoes a superconducting transition at 1.5 K.
x10 Combining these data, it may be said that this superconducting
6.0 10' T " transition around 3.5 kbar is a transition from an antiferomagnetic
» Hlac g %g"i(Oe metal phase to a superconducting phase. The transition from an
- ¢ 2.0kOe antiferromagnetic metal phase to a superconductor phase has been
- Hllac d 8.0kOe recently observed also in another modification of BETS conduc-
aol e 1001 tors, k-(BETS)FeBr,. That is,k-(BETS)FeBr, undergoes suc-
- o) 7 ’ ? cessive phase transitions with lowering temperature from a
a ad : ! i paramagnetic metal state to an antiferromagnetic metal state at
N | 1 < i I 2.5 K (Ty) and from an antiferromagnetic metal state to a
20tE i Q- 10 o bf : superconducting state at 1.0 Kdj.!* Concerning magnetic
Ry ] 3 . , ag 3 superconductors, intensive studies have been made on (R&)Mo
g ‘ : FE (RE)MosSe;, and (RE)REB, for the last two decadés For these
§ ] 1 -‘l' ;. compounds, magnetic transitions occur belbyv The transition
‘I .—.l-‘ from an antiferromagnetic metal phase to a superconducting phase
H_M_J_d__u_ 2 . . is a rather rare case even in inorganic compounds, and reported
0 5 10 15 05 1 15 2 about several compounds: the typical example is a heavy-fermion
Magnetic Field / kOe Temperature / K system, URpSi.® In organic systems, the antiferromagnetic
(a (b) metal-to-superconductor transition has been first observed in
Figure 2. (a) The magnetic field dependence of the resistivities of and/-type BETS conductors with magnetic ¥éons.
A-(BETS)FeCl, at 3.5 kbar and 0.55 K. The magnetic field is ap- The mechanism of magnetic interaction betweeti Rgoments
proximately parallel or perpendicular to the conductian) (plane. (b) in these organic molecular salts is the most important probtem.

Thehsuppression_ of the superconducting transition under magnetic field gjnce the Fe-Fe separation is large in thetype structure 6
applied perpendicular to thec plane. A), the antiferromagnetic interaction betweeri Fens is thought
1 to _be mediateq by electrons of BETS molecules at the
9 antiferromagnetic phaseBrossard et al. have proposed the
Metal possibility of development of helical spin structure mediated by
RKKY type exchange interaction itv(BETS)FeCl,.2° From the
thermodynamical viewpoint, it seems to be difficult for the high-
temperature order (magnetic order) to be broken by the onset of
another order (superconductivity) developed at lower temperature.
The experimental evidence for the coexistence of the antiferro-
magnetic order and superconductivity is highly desired.
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kbar seems to be a trace of a superconductor-to-insulator transitior2727-2730.



