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Abstract: The first molecular material with the coexistence of
ferromagnetism, metal-like conductivity, and chirality has been
prepared using an organic/inorganic approach. In this case, a two-
dimensional packing of chiral organic radical cations (responsible
for both the electrical conductivity and optical activity) was
assembled with a layered bimetallic oxalate-based anionic net-
work (responsible for the magnetic properties). Shubnikov—de
Haas oscillations confirmed the presence of a Fermi surface even
when the transport properties suggested “insulating”-type behav-
ior at very low temperatures.

Molecular materials offer unparalleled possibilities in the search
for novel combinations of multiple properties in a single material.
Several dual-function molecular materials have been reported,
including ferromagnetic metals,’ magnetic (super)conductors, chiral
magnets,® chiral conductors,* and switching magnets.’

The first ferromagnetic organic metal was discovered in 2000."
Its structure consists of alternating layers of the organic donor
bis(ethylenedithio)tetrathiafulvalene (ET), which is responsible
for the transport properties, and a polymeric bimetallic oxalate
(ox)-bridged complex, [MnCr(ox);]~, which is responsible for
the appearance of ferromagnetic ordering. Interestingly, the
metallic regime is maintained down to 0.3 K° and is apparently
unaffected by the onset of ferromagnetic ordering at 7. = 5.5
K. With this strategy, the structurally analogous materials
D [MM"(0x);]* CH,Cl, (D = ET-type derivative; M"! = Mn, Co;
M" = Cr, Rh)’ were prepared. The 7, for magnetic ordering was
increased up to 13 K, but the transport properties could not be
improved. One possible reason may be connected with the intrinsic
disorder of these hybrid materials, which possess an incom-
mensurate structure® in addition to the local disorder generated by
the terminal ethylenic groups of the ET molecules in the organic
layers. Following this strategy, we tested the use of a chiral ET
derivative, (S,5,S,5)-tetramethyl-ET (TM-ET),’ for the preparation
of a ferromagnetic molecular conductor, with the double goal of
increasing the functionality of the system and avoiding the disorder
of the ethylenic groups in the organic layer.

[TM-ET],[MnCr(ox);] - CH,Cl, (1) was successfully prepared by
electro-oxidation of the organic donor in the presence of the building
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Figure 1. [(3-Packing of the organic layers in the crystal structure of (TM-
ET),[MnCr(ox);]*CH,Cl,.
blocks for the inorganic oxalate-based polymeric network. This
multilayered material shows an organic layer with typical 5 packing
(Figure 1) in which the mean planes of all the ET derivatives are
parallel to each other, forming stacks along the a direction.
The similar range of close S-+*S contacts along the stack
[3.579(3)+++3.777(3) A] and between stacks [3.654(3)*++3.795(3)
A] clearly indicate its two-dimensional nature. The stoichiometry
was estimated to be x & 2.6 using elemental analysis. This is in
good agreement with the mean oxidation state of +0.39 for the
TM-ET molecules, as extracted from the bond-length analysis.'°
In this case, as in all other structurally characterized ferromag-
netic conductors,'”* the structure of the inorganic bimetallic oxalate-
bridged honeycomb network cannot be determined from X-ray
diffraction experiments. As already mentioned, these materials are
incommensurate composites because of the noninteger match
between the charge distribution in the two sublattices. As previously
shown, this could only be discovered by inclusion of a heavy-metal
atom in the inorganic lattice.® Nevertheless, the presence of the
[MnCr(ox);]” honeycomb network can conveniently be proved
beyond any reasonable doubt on the basis of magnetic data. Thus,
as the sample was cooled, the y,7 product first showed a linear
decrease from 9.60 emu K mol ! at room temperature due to the
presence of temperature-independent paramagnetism (TIP) of the
Pauli type (coming from the conducting electrons). Second, ymT'
changed slope below 150 K and started to increase as a result of
the expected ferromagnetic interactions between the oxalate-bridged
Mn! and Cr'™ metal centers. Third, a sudden increase in y,,, below
10 K was observed (Figure Sla in the Supporting Information); ym
reached saturation at very low temperatures, indicating the appear-
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ance of ferromagnetic ordering. The ac magnetic susceptibility
measurements (Figure S1b) showed a maximum in the in-phase
signal (") and the appearance of an out-of-phase signal (y”) that
confirmed the onset of magnetic ordering with a 7, of 5.5 K. This
critical temperature for ferromagnetic ordering is the signature of
the [MnCr(ox);]™ honeycomb network, since it cannot be reached
by any other structural type in an oxalate-bridged bimetallic
coordination network. The field dependence of the magnetization
at 2 K showed a rapid increase in the magnetization for small fields,
with M reaching a saturation value of 7.73ug. This value corre-
sponds to the parallel alignment of all spins, again confirming the
ferromagnetic ordering and the structural presence of the [Mn-
Cr(ox);]~ network between the organic layers. No hysteresis was
observed, as in soft ferromagnets.
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Figure 2. Typical thermal dependence of the in-plane resistivity for crystals
of the title compound.

The transport properties (Figure 2) were measured on platelike
single crystals using the standard four-contact dc method, with the
current applied and voltage measured parallel to the highly
conducting layers. The conductivity at room temperature was as
high as 65 S cm™', and the temperature dependence of the resistance
showed metal-like behavior down to ~190 K, where a minimum
was reached. This change in slope was not abrupt, suggesting that
no phase transition into a semiconducting state was reached but
that a charge localization process appeared. Below 10 K, re-entrance
into a metal-like regime occurred. The position and magnitude of
this feature was sample-dependent, with some of them showing
only a small bump. Near 5 K, at the onset of ferromagnetic ordering,
a second minimum was reached, and the resistivity increased again
very rapidly.

In the interlayer magnetoresistance measurements on single
crystals of 1 (Figure 3a), the resistivity increased rather smoothly
with decreasing temperature, suggesting “insulating”-type behavior.
However, weak Shubnikov—de Haas quantum oscillations were
observed, suggesting the presence of small metallic regions
exhibiting Fermi liquid-like behavior in coexistence with insulating
domains at very low temperatures (Figure 3b). The inverse-field
positions of the oscillations for 1 (Figure 3c) allowed us to
determine a frequency of 215 £ 10 T at & = 0°, where 6 is the
angle between the magnetic field and the normal to the highly
conducting layers. When the sample was tilted to 6§ = 38.8°, an
additional lower-frequency set of oscillations became visible (Figure
S3), probably as a result of the angle-dependent intensity of the
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quantum oscillations caused by the spin-damping term of the
Lifshitz—Kosevich formula. This set of oscillations had a frequency
of 31 &+ 3 T. Thus, the metallic regions of these crystals seem to
possess a Fermi surface comprising (at least) two small quasi-two-
dimensional pockets. No evidence of the so-called magnetochiral
anisotropy'! was observed, perhaps because the interlayer transport
is incoherent.
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Figure 3. (a) Interlayer resistance (R,,, proportional to p,.) of a single crystal
of (TM-ET),[MnCr(0x);]* CH,Cl, as a function of magnetic field (tilt angle
6 = 0). (b) Shubnikov—de Haas oscillations at 7 = 550 mK. (c) Plot of
the oscillation index vs inverse field position, whose slope gives the
frequency (i.e., cross-sectional area of the Fermi surface).

In summary, we have designed and obtained the first molecular
material with the coexistence of metallic conductivity, ferromag-
netism, and chirality. The disorder encountered in the organic layer
of the previously reported ferromagnetic molecular metals has been
suppressed. Although there is no clear evidence that chirality does
indeed affect the transport properties, the data reported shows
Shubnikov—de Haas oscillations for the first time in such a
multifunctional material, indicating the presence of a Fermi surface,
very similar in all respects to what was found in an analogous series
of paramagnetic superconductors.'?
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