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A semiconducting organic radical cation salt with a
magnetic anion, TMTSFeFeCl4 (prt = 40 Qcm), was prepared.
The crystal undergoes an antiferromagnetic ordering below T =
4K with the easy axis perpendicular to the TMTSF stacking
direction. X-ray crystallographic analysis reveals that Cl atoms
of the anions closely contact with Se atoms of the donor
molecules and suggests that the spin ordering is mediated by
magnetic interaction between donors and anions.

Synthesis of the molecular compounds in which conduction
electrons are interacting with localized spins is one of the
strategies for obtaining organic ferromagnetic conductors with
high transition temperature.1 In case the conduction electrons
on a T-system such as partially oxidized donor molecules
magnetically couples with localized spins on counter anions, the
spin system with the ferromagnetic coupling (so-called double
exchange interaction?) can be established. From this point of
view, a radical ion salt of TMTSF, which contains a magnetic
anion tetrachloroferrate, was prepared in the present study.

Some of ion radical salts of typical organic donors that have
paramagnetic counter anion were reported.”»* However, in
most of these salts a magnetic interaction between the carrier
electrons on the donors and the spins on the counter anions is
very small. There are only a few radical ion salts in which a
magnetic interaction between itinerant electrons and localized
spins show up as relevant to the metal-insulator phenomcna.4
We have chosen tetrachloroferrate as a counter ion because the
anion has the highest spin multiplicity among the tetrahalogeno
3d-transition-metalates which are represented as MXq9- M =
transition metal; X = Cl, Br; g = 1,2). In addition, the ferrate
anion with Fe3+ has only one negative charge (q = 1), like many
anions that are contained ordinarily in organic conductors and
may be easier to form simple salts, whereas the other 3d-
transition metalates are dianion.

Single crystals of tetrachloroferrate salts of TMTSF were
prepared by two methods. Through the ordinary -electro-
crystallization in 1,1,2-trichloroethane with Pt electrodes under
the existence of supporting electrolyte n-BugN - FeCl4, black
needles were obtained. Similar shaped crystals were obtained as
well by slow evaporation from acetonitrile-THF solution of
TMTSF and FeCl3. In the latter case, TMTSF is oxidized by
FeCl3 and oxidant FeCl3 is turned into FeCly and FeCl).
These crystals obtained by the two different methods showed
identical magnetic and transport properties and were confirmed to
be isomorphous by X-ray crystallographic analysis.5 X-ray
crystallographic analysis revealed that a ratio of donor to anion is
1:1 and is consistent with a Se:Fe ratio which was measured by
ICP analysis. Reflecting a radical salt (1:1 salt) feature, the
crystal of TMTSFeFeCly does not show very large conductivity.
The crystal is semiconducting with prt = 40 Qcm and a thermal
activation energy E, = 0.06 eV (between 200 K and 300 K).
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Figure 1. (a) Crystal structure of TMTSF*FeCl4. (b) Two
types of columnar structure of donors in the crystal of
TMTSFeFeCl4. Intermolecular SeeseSe distances are
also indicated. Hydrogen atoms are omitted for
clarity.

Figure 1a shows the crystal structure of the cation radical salt
TMTSF - FeCl4. One can find two types of donor column
(Figure 1b), column A and column B, in the crystal. In column
A, the long axis of each TMTSF™** is aligned in one direction and
the donors are dimerized as shown in Figure 1b. On the other
hand, in column B TMTSF** is arranged orthogonal with each
other. The crystal structure is clearly different from that of
Bechgaard salts (TMTSF)2X (X=BF4, ClO4, PFg, etc.), which
may be caused by the different charge of donor and/or by the
relatively large anion size. The arrangement of donors in
column B is interesting from the view point of higher
dimensionality of intermolecular interaction in a conductive
organic ion radical salt. Recently some cross-type dimeric TTF
donors have been prepared for this purpose.® Here, such a
cross-type stacking can be obtained using the ordinary planar
donor TMTSF.

Magnetic susceptibility () of the salt was measured by a
SQUID magnetometer (Hext = 5 kOe) at temperatures between 2
K and 300 K and the y vs. T plot is shown in Figure 2. The
value of ¥ T at 300 K (= 4.2) is close to 4.375 which agrees with
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Figure 2. Temperature dependence of magnetic susceptibility of
TMTSFeFeCly. The inset magnifies the low

temperature susceptibility as a function of temperature
for two field directions, ¢ being the donor stacking
axis. '

Figure 3. SeseCl contacts in the crystal of TMTSFsFeCly
viewd normal to the ab plane. The thick line
(o ) shows the contact in a upper layer and
bloken line (---+.----- ) the contact in a lower layer.

an expected value for the S=5/7 and g = 2 spin. This 7T value
suggests that the measured susceptibility is mainly due to the
spins of Fe3+(§=5/7). The contribution of TMTSE** to the
total susceptibility is too small to be explicitly observed, probably
because of the strong antiferromagnetic interaction in the donor
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stack or the dimerized nature of the donor stack. Temperature
dependence of the susce_})ﬁbility indicates intermolecular
antiferromagnetic interaction./ As shown in Figure 2, the y-
value decreases below 4K, suggesting that antiferromagnetic spin
ordering occurs at TN = 4K. The anisotropy of } as shown in
the inset of Figure 2 is also typical of antiferromagnet; magnetic
moments are found to lie within the ab plane, i.e. normal to the
donor stacking column.

From the structural analysis one can find that the magnetic
anions are fairly isolated from each other in the crystal.8 By
contrast, many SesssCl contacts with short distances (< 3.65 A)
are present between donors and anions (see Figure 3).
Therefore, the antiferromagnetic interaction between FeClg~ is
likely to be mediated by the donor molecules.  That is to say,
the magnetic interaction between donors and anions is large
enough to cause the magnetic ordering below 4K.

In summary, the crystal of the cation radical salt TMTSF-
FeCly was prepared and found to be composed of two kinds of
donor columns, both of which appear to magnetically couple the
anions via the close Seve*Cl contacts. The localized spins on the
anions order antiferromagnetically below Tn = 4K perhaps via
exchange interaction through the cation radical of donor
molecules.

This work partly supported by NEDO, was performed in
JRCAT under the joint research agreement between NAIR and
ATP.
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