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Similar to the recently discovered organic conductor
k-(BETS),FeBry exhibiting a transition from an
antiferromagnetic metal phase to a superconducting
phase at 1.0K, x-(BETS),GaBr, shows a super-
conducting transition around 0.5-1.0K, indicating
Tc of x-(BETS),MBr, (M=Fe, Ga) to be almost
independent of the existence of magnetic anions; from
these findings a way to develop novel organic conduct-
ors with controlled antiferromagnetic interactions is
suggested.

In recent studies on the development of new organic
conductors, the enhancement of dimensionality of the electro-
nic structures has been one of the fundamental guiding
principles. In this respect, conductors with so-called ‘k-type
structure’ have been long regarded as the most promising
systems to produce organic superconductors since the first
discovery of a k-type BEDT-TTF superconductor in 1987
[BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene].'™

Bis(ethylenedithio)tetraselenafulvalene (BETS) is a selenium
derivative of BEDT-TTF, whose 2:1 salts with linear,
tetrahedral and octahedral anions such as 157, ClO;  and
PFs~ have been studied systematically in the early 1990s with
the aim of searching for new series of conductors having stable
two-dimensional metal states® and many BETS salts prepared
at that time were revealed to have stable metallic states down to
low temperature.” ! Specifically, all the k-type BETS salts
showed metallic states around liquid helium temperature.

Very recently, we have reported that x-(BETS),FeBr,
undergoes successive phase transitions with lowering tempera-
ture from a paramagnetic metal state to an antiferromagnetic
metal state at 2.5 K (7) and from an antiferromagnetic metal
state to a superconducting state at 1.0 K (7¢)."* This is the first
finding of superconductivity in x-type BETS salts. Further-
more, it is strongly indicated that antiferromagnetic ordering of
Fe** spins and superconductivity coexist below 1.0 K.'* Thus,
k-(BETS),FeBr, is a unique system, which enables us to study
the relation between superconductivity and magnetic order and
the role of the interaction between m conduction electrons and
localized magnetic moments in organic conductors. We have
reported that the resistivity behavior of k-(BETS),FeBr, and «-
(BETS),GaBr, at 2-300 K closely resemble each other.®
Therefore, it may be expected that k-(BETS),GaBr, undergoes
a superconducting transition below 2 K. Here, the results of
low-temperature resistivity measurements of k-(BETS),GaBry
are presented. The structural and electrical properties of the
mixed-halogenogallate anion system, k-(BETS),GaBr,Cly_,
(x=~2.0), are also reported briefly.

Plate-like crystals of x-(BETS),GaBr,Cly_, (x=0.0, 2.0, 4.0)
were prepared by electrochemical oxidation of BETS (5 mg) in
a mixed solvent (20 ml) of 90% chlorobenzene-10% ethanol
containing the (NEty)GaCly and/or (NEt4)GaBr, electrolyte
(total 15-20 mg). For crystallization using the mixed electro-

lyte, exchange of halogen atoms (Br, Cl) occurred immediately
in solution, and mixed-halogenogallate anions, GaBr,Cly_,~
were formed.!'* The value of x of the mixed-halogenogallate
system was estimated by electron probe microanalysis (EPMA)
and X-ray diffraction experiments, and was found to be
approximately equal to the 1:1 ratio of (NEty)GaCly and
(NEt;) GaBry in the solution. It was essential to dissolve the
electrolytes completely and leave the solutions to stand for 12—
24 h before starting electrochemical oxidation in order to
obtain crystals with the desired compositions.

Crystals of k-(BETS),GaBr,Cl,_, belong to the orthorhom-
bic system with space group Pmma.’ Low temperature
magnetoresistance experiments showed that k-(BETS),GaCl,
has a two-dimensional cylindrical Fermi surface.!® As reported
in a previous paper,’* the anionic sites of A-(BETS),-
GaBr,Cly—, can accommodate only a small number of Br
atoms (0<x<2), while x-(BETS),GaBr,Cl,_, crystals can
adopt any value of 0<x<4. Furthermore, we have recently
found that larger anions such as InBr,~ and TICl; ™ can be also
accommodated in k-type structures owing to the flexibility of
the anion space. The tetrahedral anions of k-(BETS),-
GaBr,Cly_, lie on mirror planes and the distribution of Br
atoms is not completely random. This behavior is similar to
that for A-(BETS),GaBr,Cly—, in which Br atoms have
preferred positions.'* Fig. 1 shows the Br population on each
halogen site in k-(BETS),GaBr,Cl;_, (xx2.0), as estimated

X1: 30% Br
X2: 65% Br
X3: 75% Br

Ga-X1 2.217(5) A
Ga-X2 2.257(7)
Ga-X3 2.277(6)

Fig. 1 The occupancy probabilities (%) of Br on each halogen site of
an anion and Ga-X bond lengths in k-(BETS),GaBrCly_, (x=2.0).
Halogen atoms, X2 and X3 and the gallium atom lie on the mirror
plane.
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from X-ray structure refinements. Br atoms tend to be
distributed on X2 and X3 sites, and the largest occupation
probability of Br atoms on X3 is consistent with the longest
bond length being Ga—-X3. A low Br distribution on X1 is due
to the closer contacts between X1 and the atoms of
surrounding BETS molecules.

Electrical resistivities were measured by the conventional
four-probe method along the conduction planes of the crystals
(parallel to the ac plane). Fig. 2 shows the electrical resistivities
of k-(BETS),GaBr,Cly_ (x=0.0, 2.0, 4.0) down to 2 K. The
room temperature resistivities are 30-50 Scm~!. As reported
previously,(’ unlike x-(BETS),GaCl,, which shows a normal
metallic behavior, k-(BETS),GaBr, exhibited a characteristic
broad resistivity maximum around 70 K, while k-(BETS),-
GaBr,Cl, showed an intermediate resistivity behavior. The
suppression of the broad resistivity maximum in the system
with x=2.0 is reminiscent of the ‘chemical pressure effect’ on
the resistivity of A-(BETS),GaBr,Cl,_,. However, for A-type
BETS salts, the resistivity is more sensitive to the bromine
content and the crystal with x>0.8 adopts an insulating
ground state, indicating strong electron correlation in A-type
salts.'*!® On the other hand, crystals of all the x-type BETS
salts are metallic around liquid helium temperature, which is
consistent with the well known high stability of metallic states
of k-type organic conductors.

Since the superconducting transition of the A-type BETS
salts with tetrahalogenogallate seems to be enhanced in systems
with larger anions, or ‘strong negative chemical pressure’,'*!®
k-(BETS),GaBr, is the most promising system to exhibit a
superconducting transition in the series k-(BETS),GaBr,Cl, ..
We measured the resistivity of k-(BETS),GaBr4 down to 0.1 K
using a *He-*He dilution system and as shown in Fig. 3, a
superconducting transition was observed around 0.5-
1.0 K. This is the second observation of superconductivity in
k-type BETS conductors following the recent observation in
k-(BETS),FeBrs.!?> The magnetic field dependence of the
resistivity suggested the onset of the superconducting transi-
tion around 1.3 K but compared with the transition of
k-(BETS),FeBr,, this superconducting transition is not so
sharp. The superconducting transition begins to disappear
under a weak magnetic field and is completely absent at ca.
3.0 kOe.

The discovery of superconductivity in k-(BETS),FeBr, and
k-(BETS),GaBr, suggests the importance of a suitable size of
anion, ie., a suitable ‘chemical pressure’ to realize the
superconductivity. T¢ values of 1.0-0.5 K for k-(BETS),GaBr,
and 1.0 K for k-(BETS),FeBr, indicate that the superconduc-
tivities of these systems are almost independent of the magnetic
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Fig. 2 Resistivity of k-(BETS),GaBrCly—, [x=0.0 (a), 2.0 (b) or 4.0
(©)]
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Fig. 3 The magnetic field-dependence of the resistivities of k-(BETS),-
GaBry at (a) 0, (b), 0.02, (c) 0.05, (d) 0.1, (e) 0.3, (f) 0.7, (g) 1.5 and (h)
3.0 kOe. The magnetic field is perpendicular to the ac plane.

nature of the anions. Similarly to A-(BETS),Fe,Ga,_Br,Cls_,
which exhibits many novel transport phenomena such as
superconductor-to-metal and superconductor-to-insulator
transitions,'” the electronic properties of k-type salts with
mixed anions will be very interesting. It is suspected that -
(BETS),Fe,Ga,_,Bry will undergo a superconducting tran-
sition at around 1 K irrespective of the value of x, while the
antiferromagnetic interaction will be weakened with increasing
Ga content and the antiferromagnetic transition temperature
will be lowered. Whether it is possible to observe the
antiferromagnetic phase transition below the superconducting
transition at a given value of x will be examined in the near
future.
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