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Hybrid systems consisting of the conducting layers of organic a 0
donor molecules and the magnetic layers of inorganic anions have
been focused on as possible bifunctional materials, whose conduct-
ing properties can be tuned by controlling the magnetic state of
the anion layers on an application of magnetic fields. The famous
examples of magnetic conductors so far reported are the paramag- gL
netic superconductgt’-(BEDT-TTF)(H,0)Fe(GO4)3](CeHsCN) =
and the ferromagnetic metal (BEDT-TBMINCr(C,04)3]% [BEDT-
TTF = bis(ethylenedithio)tetrathiafulvalene]. We have investigated 1r
BETS conductors}- and«-(BETS)hFeX, (X = Cl and Br) [BETS
= bis(ethylenedithio)tetraselenafulvaleiednd reported several 2 L )
interesting properties, such as the novel magnetic-field-induced 09 5 10 15
superconductivity under very high magnetic field (18&TH < 41 H(T)

T) in 2-(BETS)FeCl, which is caused by the JaccarinBeter
compensation effect between the applied external magnetic field
and the internal magnetic field by the ¥espins#® On the other
hand, we have reported the first antiferromagnetic (AF) organic
superconductor x-(BETS)FeBr, which consists of the two-
dimensional superconducting layers of the BETS semications and
the insulating layers of the FeBr anions® The FeBj~ anions
exhibited metamagnetic behavior, that is, théFspin system
transformed into a forced-ferromagnetic state above 1.6 T when
the field was applied parallel to the easy-axis of the AF ordering
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(//a axis). k-(BETS)FeBr, showed the transition from the para- ' AR
magnetic metal phase to the AF metal phase at fle fdmperature 0% g 1'0 15
(Tn = 2.5 K), then underwent the transition to the AF supercon- H(T)

ducting phase at the critical temperatureTef= 1.1 K. Here we Figure 1. Magnetic field dependence of the magnetoresistance upto 15 T
report the magnetoresistance ©{BETS)FeBr, up to 15 T and at the indicated temperatures in the figures with an application of the
the observation of the onset of the magnetic-field-induced super- magnetic field in parallel with (a) tha axis and (b) thee axis. The upper
conductivity as the cooperative phenomena between the superconiset of (a) is the data measured between 0 and 2 T. The lower insets are
ductivity and magnetism. the resistivity differences between the data at 1.19 K and at the lowest
. measured temperature [(a) 0.58 K, (b) 0.60 K].

Plate-shaped crystals of{BETS)FeBr, were prepared according
to the literaturé. The ac electrical resistivities were measured suggest that the internal field originated from the AF coupling
parallel to thea axis with electric currents along theaxis by a between ther electrons and the ferromagnetically aligned®Fe
four-probe technique. The axis of the crystal was carefully oriented spins, which was sharply induced at 1.6 T, destroyed abruptly the
to the applied magnetic field because the magnetic-field-induced superconducting state. Therefore, this phenomenon is considered
superconductivity is very sensitive to the inclination from the to originate from the bifunctionality of the—d coupled magnetic
conducting plane. The resistivity measurements were performedorganic superconductor.
up to 2 T toconfirm the field-induced transition between the AF In addition, a conspicuous resistivity decrease was observed just
superconducting state and the forced-ferromagnetic metal state. Adelow the abrupt resistivity increase at 1.6 T. As mentioned before,
shown in the upper inset of Figure 1a, with an increase of the the superconducting state was broken by the sudden appearance of
applied magnetic field at 0.58 K, the resistivity suddenly increased the metamagnetically induced internal field. Namely, such an
at about 1.6 T for the magnetic field applied parallel to dhexis internal field created by the Fespins is considered to produce a
(/1 easy-axis), and the system recovered its metallic state. This field negative magnetic field on the-electron system through the AF
of the superconducting destruction just corresponds to the meta-exchange coupling between the d amalectron systems. Then,
magnetic transition field of the Eé spin system. These results around the onset field of the metamagnetic transition, there should
be a magnetic field where the applied external fielL) is
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Figure 2. Schematic plot of the applied external magnetic fiettix()
dependence of the induced internal fieltl-() by the F&* spin system and
the effective field Hetr) on the BETS layers, which is obtained lds; =
Hext — Hint. The suffixes /& and /£ denote that the external fieléi{y) that
applied parallel to the axis andc axis, respectively. The dotted line is
Hex thin lines areHiy, and thick lines aréles. Ho is the internal field from
the fully magnetized F& spin systemH,p;andH;pzindicate the fields for
the JaccarinePeter compensation effect.

reduced effective field on the electron systemHes). Thus, the
resistivity minimum around 1.6 T suggests the compensation of
Hext by Hin. Figure 2 illustrates the relationship betwekl

(= Hext — Hint) andHey. Here we assumeld;; to be proportional

to the magnetization of the Fespins showing the metamagnetic
transition as shown by the thin lines in Figure 2. When applying
the external magnetic field parallel to the easy-akifd), the sign

of Heg//a is considered to be changed from positive to negative at
1.6 T Hspy) and then return to positive at the fieltfp, = Hy)
corresponding to the internal fieldH{) produced by the fully
magnetized F& spin system. Consequently, there should be two
zero-field points aH;p; andH;p2 (Hest = 0). Therefore, it may be

were observed at 2015 T below 0.75 K for bottH//a andH//c as
shown in Figure 1Although the lowest experimental temperatures
were not sufficiently low, the resistivity changes between 1.19 K
(the normal state) and the lowest measured temperatures [0.58 K
(H//a), 0.60 K H//c)] plotted in the lower insets strongly suggest
the onset of the magnetic-field-induced superconductivity around
12.5 T & Hypy. This field of the magnetic-field-induced super-
conductivity just corresponds to the theoretically predicted field
(12 T) by Cepas et al. on the basis of the splitting of the Shubnikov-
de Haas frequenci€sThe critical field of this field-induced
superconducting statélf,= 12.5 T) is about one-third of that of
the first magnetic-field-induced organic supercondugt(BETS)-

FeCl, (H;p = 33 T). These two salts have several similarities they
have the layered structure consisting of the two-dimensional
conducting layers and the insulating layers involving the magnetic
iron atoms which show the AF transition at low temperatures. But
their ground states are quite different. In th¢BETS)FeCl, salt,

the strongz—d coupling suggested from many short contacts
between Cl and chalcogen atoms resulted in the cooperative
transition to the AF insulating state &4. On the other hand, such
short intermolecular contacts were not observed(BETS),FeBr,

and consequently the metallic state could be maintained during the
AF transition of the anion layers and the AF superconducting state
was realized. Therefore, the induced internal magnetic field on the
BETS layers ink-(BETS)FeBI, is considered to be weaker than
that in 2-(BETS)FeCl, which is consistent with the smaller
compensation field ofk-(BETS)FeBr,. However, forH//a, the
situation ofx-(BETS)FeBr, is more complicated because of the
existence of the metamagnetic transition which makes this system
a dual functional material and gives rise to the field-induced
resistivity decreases suggesting the stabilization of the super-
conducting state at two characteristic magnetic fields of 1.6 and
125T.

possible to discover another field-induced superconducting state References

aroundH, if T of this superconducting state is not too low to be

detected. On the other hand, on the application of the magnetic

field parallel to the hard-axisH//c), initial effective fields are
already negative because of large magnetization ¥f &gins, and
only one compensation point will be expected at the same
compensation field oHjp2 (= Ho).

To confirm the possibility of this field-induced superconductivity,

we measured magnetoresistances under the magnetic field up to

15 T applied along thea axis (H//a) andc axis H//c) on different
crystals at the indicated temperatures in Figure 1. Stair-like
resistivity anomalies were observed below 2.5KTy) and shifted

to 1.6 T for H//a and 4.2 T forH//c with a decrease in the
temperatures. The magnetic fields for such anomalies perfectly
correspond to the fields of the AF transition of the*Fepins
determined by SQUID measurements reported beftmecontrast

to the case ofH//a, where the sharp “AF superconductor-to-
ferromagnetic metal transition” was observed around 1.8 3y,

only gradual breaking of the superconducting state was observed

for H//c. Of course, this anisotropic resistivity behavior comes from
the interplay between the magnetic ordering and superconductivity.
When increasing the magnetic field up to 15 T, further anomalies
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