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Magnetization and heat capacity were measured down to 0.4 K in
a 2:1 charge-transfer (CT) salt of a new donor molecule,
ethylenedithiotetrathiafulvalenoquinone-1,3-dithiolemethide (1) with
a magnetic FeBr4

- ion (12‚FeBr4). The Fe(III) d spins of FeBr4
-

ions were subject to apparently ferromagnetic interaction with each
other through the interaction with the π spins developed by
localization of the conducting π electrons on the donor columns,
eventually giving rise to ferrimagnetic ordering (FI) near 1 K, which
provides the first example in a molecular π−d system.

To date, numerous charge-transfer (CT) salts have been
prepared using several organic donor molecules and magnetic-
metal anions, in which conductingπ electrons and localized
d (f) spins strongly interact and exhibit novel electrical
conducting and magnetic properties.1 Among them, FeCl4

-,
FexGa1-xBryCl4-y

- (0 < x < 1, 0 < y < 0.5), and
FexGa1-xCl4- (0.35 < x < 0.5) CT salts of bis(ethylene-
dithio)tetraselenafulvalene (BETS) were recognized as metal-
to-insulator, superconductor-to-insulator, and superconductor-
to-metal transitions, respectively, albeit at low temperatures
as a result of theπ-d interaction.2-4 A ferromagnetic metal
was achieved in the Mn/Cr oxalate-bridged CT salt of bis-
(ethylenedithio)tetrathiafulvalene,5 but the ferromagnetism

and metallic conductivity were based on each of the
interactions between the conductingπ electrons of donor
molecules and between the localized d spins of Mn(II) and
Cr(III) ions.

We recently synthesized a new CT salt,12‚FeBr4, which
has a structure alternately stacked by layers of1 molecules
and FeBr4- ions arranged in a square lattice.6 Above 170 K,
the electrical conductivity was metallic, but below 170 K
the conductivity changed to a semiconductor with very small
activation energy (<10 meV). The interaction between the
Fe(III) d spins of FeBr4- ions was very weak and antifer-
romagnetic (Weiss temperature,Θ ) -3.9 K) in such a
higher temperature region than ca. 15 K that the conducting
π electrons are supposed to survive, but the interaction
apparently became ferromagnetic (Θ ) +0.87 K) below ca.
15 K and continued to 1.8 K, the lowest temperature used
in this study. In correspondence to the change of this spin
interaction, recent X-ray structure analyses of12‚FeBr4 in
the temperature range of 6.5-300 K showed a marked
increase in the contacts between1 molecules and FeBr4

-

ions and between the neighboring FeBr4
- ions in the crystal

structure near 15 K.7 The magnetization (M) curve ap-
proached saturation faster as the temperature decreased, but
even at 1.8 K saturation was not accomplished at the
magnetic field (H) of 5 T. The observed magnetization curve
at 1.8 K showed a very good fit to the Brillouin function
with Θ ) +0.87 K in theH’s lower than 0.1 T, but above
0.1 T it approached saturation slower than the theoretical
one as a result of the antiferromagnetic interaction of theπ
spins on the1-stacked columns with the Fe(III) d spins of
FeBr4- ions. In this communication we report thatM and
heat capacity (C) were measured down to 0.4 K for12‚FeBr4
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and that the ferrimagnetic ordering (FI) due to Fe(III) d spins
of FeBr4- ions andπ spins of1 molecules was accomplished
near 1 K.

We measured the low-temperatureM by an induction
method down to 0.4 K using a pulse magnet system
combined with a3He refrigerator. As Figure 1 shows, theM
curve still reached saturation faster as the temperature
decreased below 2 K. However, the degree of rapidity
became very small between 1.2 and 0.4 K, suggesting that
the M curve is completely saturated near the temperature
range. A hysteresis was not observed in theM loop. To
confirm the presence of FI and to determine the transition
temperature (TC), the data was analyzed using the Arrott
method ofM2 vsH/M plot, which is advantageous especially
for a highTC. However, for FI with a lowTC and a small
hysteresis loop, it is difficult to determine theTC with the
Arrott method since the Brillouin function shows a saturation
behavior even for the paramagnetic state and the expansion
of a magnetic free energy onM is only effective in very
low H’s. Thus, we developed a novel resonant circuit method
to sensitively detect theM jump in a small hysteresis loop
with ferromagnetic ordering or FI.8 As shown in Figure 1,
an oscillation initially appears below 1 K, whenH changed
from positive (negative) to negative (positive) and the
magnitude of oscillation increased as the temperature de-
creased. A similar phenomenon was also observed in a sharp
metamagnetic transition for (Pr/Ca)MnO3-δ.9 The oscillating
behavior is clearer for bare signals induced in theM pickup
coil. The inset of Figure 2 shows an example at 0.4 K. When
H crosses zero, a sharpM jump occurs in a hysteresis loop,
which causes a transient oscillation in the signal, and the
corresponding frequency to theM jump crosses the resonant
frequency of the circuit. Since the initial amplitude of the
oscillation is proportional to theM jump, the amplitude was
plotted against temperature and a steplike change was
obtained (see Figure 2). This new method is more convenient
than that of that of the Arrott plot to definitively determine
TC. If the TC is defined as the midpoint of the steplike change,
the value is determined to be 1.02 K.

To confirm theTC and to identify the type of FI, we
measured theC by a thermal relaxation method down to 0.5

K using a3He cryostat (MagLabHC microcalorimeter, Oxford
Instruments). A clear peak was observed at 0.9 K, which is
compatible withTC determined from theM data. The lattice
contribution was estimated from a linear relation in theC/T
vs T2 plot below 8 K, as shown in the inset of Figure 3. The
parameters estimated from the slope and the intercept of the
linear fitting areΘD ) 145 K andγ ) 724 mJ K-2 mol-1,
respectively, whereΘD is an averaged Debye temperature
and γ is the heat capacity coefficient of the temperature-
linear term, which gives the order of 1 mJ K-2 mol-1 in
common metals due to the electronic contribution. However,
under these conditions it is difficult to eliminate the electronic
contribution from the data since theπ-d interaction may
form the strongly correlated electron system. By subtracting
the lattice contribution from the experimental data, the
magnetic heat capacity (Cmag) is obtained, but still includes
the electronic contribution. Figure 4 shows this result. The
shape ofCmagis not aλ-type anomaly as commonly observed
in a second-order transition, but the cusp with a tail that
extends to a high-temperature region, which is characteristic
of the short-range or low-dimensional ordering in Heisenberg
spin systems arranged in a two-dimensional square lattice.10

Accordingly, the Fe(III) d spins of FeBr4
- ions and theπ

spins of 1 molecules are in the two-dimensional FI state
above TC, but are converted to the three-dimensional FI
below TC. The magnetic entropy (Smag) is calculated by
integrating Cmag/T with respect to temperature (see also
Figure 4). Compared toR ln 6 and (R ln 6 + R ln 2) (R: gas
constant), which correspond to theSmag’s with S ) 5/2 of(8) Noguchi, S.; Matsumoto, A.; Matsumoto, T.; Sugimoto, T.; Ishida,

T. Physica B2004, 346-347, 397.
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Figure 1. Magnetization (M) curves of12‚FeBr4 at 0.4, 0.8, 1.2, 1.6, and
2.0 K. For clarity, the data is drawn one-way from+2.5 to -1.5 T.

Figure 2. Temperature dependence of the oscillation amplitude. The solid
curve is drawn by an empirically fitted function. Inset: Example of the
signal voltage (amplitude) 0.13 V) measured at 0.4 K by the resonant
circuit method.

Figure 3. Temperature dependence of heat capacity (C) for 12‚FeBr4 under
a zero magnetic field. Inset:C/T vs T2 plot.
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Fe(III) d spins and with a total ofS ) 5/2 and S ) 1/2 of
donorπ spins, respectively, the observedSmagvalue is larger
thanR ln 6 but smaller than (R ln 6 + R ln 2) above 2.5 K,
suggesting that the d spins coexist with theπ spins of the
donor columns, which provide an additional contribution to
Smag.

The temperature dependence ofC under severalH’s of
0-1 T was also investigated (see Figure 5).H was
perpendicularly applied to the plane of the FeBr4

- square
lattice. TheC showed strongH dependence, i.e., a round
peak that gradually shifted to the higher temperature side as
H increased. This round peak is due to the magnetic Schottky
anomaly caused by the Zeeman splitting of the degenerated
ground state under theH’s. ThisH dependence is very similar
to that in other ferro- and ferrimagnetic materials such as
p-nitrophenyl nitronyl nitroxide11 and Cu(3-chloropyridine)2-
(N3)2,12 but is in marked contrast to antiferromagnets such

as aκ-type of CT salt of BETS with FeBr4
- ion, which

displays lessH dependence.13

In conclusion, this new CT salt of12‚FeBr4 provides the
first example of FI for the Fe(III) d spins of FeBr4

- ions
and theπ spins of1 molecules by virtue ofπ-d interactions,
which typically prefer antiferromagnetic interactions or
ordering. However, the mechanism of this FI still remains
unclear, since there are open questions of (1) degree of locali-
zation of the conductingπ electrons on the1-stacked column
near 1 K, (2) distribution of localized charges and spins on
the1 molecules within each column and on each1 molecule,
and (3) parallel alignment of the Fe(III) d spins of FeBr4

-

ions through the interaction with theπ spins of1 molecules
within each layer and between the layers. We are currently
investigating theπ-d interaction in this CT salt under high
pressures, where the metallic conductivity might be main-
tained, and also in the CT salts of new donor molecules,
which have magnetic-metal properties similar to1.
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Figure 4. Magnetic heat capacity (Cmag) and magnetic entropy (Smag) for
12‚FeBr4 as a function of temperature. A clear peak appears at 0.9 K.R ln
6 and (R ln 6 + R ln 2) correspond toSmag’s with S) 5/2 of Fe(III) d spins
and with a total ofS ) 5/2 andS ) 1/2 of donorπ spins, respectively.

Figure 5. Temperature dependence ofC for 12‚FeBr4 under severalH’s
of 0.0, 0.1, 0.2, 0.3, 0.5, and 1.0 T.
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