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Molecular organic ferromagnetic metals have recently become
attractive targets in the development of new organic conducting

systems. To find a clue for the design of such novel systems

organic conductors with interaction between metal electrons and
magnetic moments must be prepared in a first step. However,
in the systems so far studied, the conduction electrons and
magnetic moments are separated and the interaction between
them is weak. The recent discovery of the paramagnetic organic

superconductor (EF)H20)Fe(GO4)3]-CsHsCN (ET = bis-
(ethylenedithio)tetrathiafulvalene) was very encouradiridore
recently, a superconducting transition and a subsequent supe
conductor-to-insulator transition have been observed in a serie
of A-type BETS-based (BETS bis(ethylenedithio)tetraselena-
fulvalene) conducting salts with mixed magnetic counteranions,
A-(BETS)(FeGa—x)Cla.2 It has been also reported that the
metal-insulator transition (MI) observed at 8.5 K for the pure
A-(BETS)FeCl, phase is coupled with a concomitantly occur-
ring antiferromagnetic transitioh.In this paper, we report an
unexpectedly large increase of Ml transition temperatiixg) (
and the contrastive strong decrease of the-Fe antiferro-
magnetic interaction in-(BETS),FeCl, by the partial exchange

of Cl to Br, which suggests a novel “spin structure model”
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Figure 1. Temperature dependence of the electrical resistivity of
A-(BETS)FeBK Cls—x salts (this work) andi-(BETS)GaBKCls«
salts*®
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Figure 2. (a) Magnetization curves of-(BETS)FeCl. (b) Curie-
Weiss plots oft-(BETShFeBkCls—x. The plots oft-(BETS):FeCl, was
omitted because the Weiss temperature has been already refrted.
(c) The Br contentx) dependence of metainsulator transition temper-
ature, Ty (O), and Weiss temperatur@,(O), of A-(BETS,FeBKCly—y.

Figure 1 shows the temperature-dependent electrical resistivity
of A-(BETS)FeBKrCl,—x phase compared to that 6{BETS)-

characteristic of highly correlated organic conducting systems GaBrCl,—x*® Except for the low-temperature region, the

with magnetic anions.

Thin needle crystals of-(BETS)FeB¥K Cls—x (x = 0.5, 0.6,
and 1.1) were prepared by electrocrystallization according
to a procedure similar to that used in the preparation of
A-(BETS)GaY«Zs—x (Y, Z = F, Cl, or Br)»> The Br content
(X) was determined by electron probe microanalysis (EPMA).
The cell dimensions obtained by a Rigaku AFC-5R four-circle
diffractometer are approximately equal to that of tRBETS)-
GaBKCls—x phasé® and are almost linearly dependent xn
V(A3) = 1783.7+ 8.5x. Resistivities were measured along the
needle axes of the crystal&). The dc magnetization measure-
ments were made on the oriented thin needle crydthis) (vith
a SQUID magnetometer (Quantum Design MPMS-7).
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resistivity behaviors of the Fe and Ga systems resemble to each
other, indicating that their electron states are essentially the
same. With increasing, the broad resistivity maximum
observed foil-(BETS)FeBKCls—x becomes prominent, afd
increases almost linearly as a functionxafFigure 2c¢). Quite
surprisingly, the exchange of only one CI to one Br doubles
Twi. It has been reported that for the puBETS)FeCl, salt
this resistivity maximum disappears and thig§ decreases at
high pressuré. The increase ix makes the unit cell volume
larger and gives rise to a negative “chemical pressure” effect
on the resistivity behavidt®

The gradual resistivity increase in the high-temperature region
can hardly be ascribed to a small bandgap, but is probably due
to the strong correlation ofr electrons because the simple
extended-Hakel tight-binding band calculations afford two-
dimensional Fermi surfacésQuite similar Fermi surfaces have
been also calculated far(ET),Cu[N(CN)]CI, which exhibits
a gradual resistivity increase at ambient pressure and a super-
conducting transition at 12.8 K and 0.3 kl§ait is believed
that, owing to the strong correlation afelectronsg-(ET),Cu-
[N(CN),]CI possesses an antiferromagnetic spin structure at low
temperature and ambient pressure, witlelectrons localized
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on each ET dimef. The magnitude of the broad resistivity

maximum below 100 K can be regarded as a rough measure of
the magnitude of the electron correlation. Thus, it may be said

that a strong electron correlation favors the MI transition of
A-(BETShFeBKCls—y.
Figure 2a shows the magnetizatidn)(of the purei-(BETS)-

FeCl, salt measured by adopting the zero-field cooling process

to confirm the previously reported discontinuous drogvbat
Twm.2° At about 1.2 T, the magnetization drop B became
very small even for the field parallel to tleeaxis (I easy axis),
which is ascribed to the spirflop transition®°® The magnitude
of M of A-(BETS)FeBKCls— is indicative of a high-spin state
of the Fé" ion, and the anisotropy oM suggests the
antiferromagnetic state beloWy,. The Weiss temperaturé
determined by CurieWeiss plots betweefy, and 30 K is

given in Figure 2b,c. Considering that the magnetization is

dominated by the high-spin Feions, the decrease of the
antiferromagnetic Fe-Fe interaction with increasing is in
striking contrast to the large enhancementTgf, indicating
that the Fe-Fe interaction cannot be the driving force of the
MI transition.
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Figure 3. (a) Schematic representation of spin structure model of
A-(BETS)FeCl. (b) The effective magnetic field of spin system with
applying field normal to the axis.

larger than the other intermolecular interactiéasiesr electron

Itis well-known that a highly correlated electron system tends tends to localize on each BETS dimer. Thus, an antiferromag-

to adopt an antiferromagnetic insulating stéte A recent

netic coupling can be expected betweeand d spin systems.

theoretical approach by Seo and Fukuyama of the ground state Owing to the large magnetic moment offfethe magnetiza-

of the & electron system of-(BETS)GaBKCls—x led to the

tion of the d spin system will be determined almost indepen-

conclusion that this system is located near the boundary betweerdently of  spin system, while that of the spin system may

an antiferromagnetic phase and a spin gap pHageccording

be assumed to be governed by the external field and the effective

to this analysis, if the onsite Coulombic interaction exceeds somefield originating from antiferromagnetic interaction between d
critical value, antiferromagnetic spin ordering emerges and andx systems. The origin oAM at Ty, was considered for
eventually leads to an insulating state which can be consideredthe two typical following cases: (Blic (easy axi&®9) and (ii)

as two-dimensional localized spin system. Since the resistivity HOc. For case i, according to the simple antiferromagnetic
behavior indicates that the conduction electron state of the Femodel, the magnetic susceptibility of the d spin systgghwill

and Ga systems are essentially the same, a similar situationbe about 14 at Ty, whereAM,M; is the exchange interaction

should occur in ther electron system of-(BETSyFeBKCls—y.
Needless to say, there is another spin systebla(BETSpFeBk-
Cls—y, that is the d spin system of the ¥eions. Therefore,
the MI transition ofA-(BETS)FeClL might be a cooperative
AF transition ofz and d spin systems. As mentioned before,
the magnetization shows a discontinuous drofatfor the
field parallel to thec axis H;) (AM/M = 0.07—0.08) (Figure
2a)? while the anomaly becomes inconspicuous fbr. As
the ratio of the paramagnetic susceptibilities of localizeghd

d spin systems is roughly equalag?ud? (~0.085), the role of
the zr electron spin seems to be crucial for the large dropof
(AM = 1.2 x 10~ 2 emu/mol, which is more than 20 times
larger than the paramagnetic susceptibilitl (BETS),GaBK-

of a and 8 sublattices of the d spin systerivi{(Mp) is the
magnetization oéu(3) site). ThereforeoMq(=y¢H) ~ H/A and
the effective field then induced on t¥esite of thesr spin system

by the external fieldH will be 6Het = H — (a/A)H, where
aM, g is the exchange interaction between thand d systems.

If a~ 2A, OHer becomes-H. Thea spin system will then be
magnetized along theH direction as if the susceptibility would
become negative, resulting in the 8% drophf For case ii,
whena ~ 2A, the effective field on the8 site of thex spin
system will be approximately zero along the direction of the
external fieldH (see Figure 3a). Consequently, the magnetiza-
tion drop will become very small fafCc, which is consistent
with the experimental results. According to this model, the

Cls—x 5). On the basis of these facts, a possible spin structure small AM above 1.2 T 4&spin—flop field®9) described before

model may be proposed (Figure 3a). As#ET),;Cu[N(CN)]-
Cl with almost oné'/, spin on each ET dimerjn A-(BETS)-
FeCl, where the intradimer interaction is more than 3 times
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is easily understandable.

More detailed studies are needed to establish the spin structure
model of .-(BETS), FeCkL. However, the enhanced electron
correlation suggested by the resistivity measurement of
A-(BETS)FeBrCls—x and the simple consideration on the origin
of the anomalous drop &l in A-(BETS)FeCl, at Ty indicate
the important role ofz-d coupling. The highly correlated
organic conductor with magnetic anion will certainly be a fertile
field to produce various new aspects of organic conducting
systems.
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