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The 2:1 salts of a new bent donor molecule, ethylenedithiodisel-
enadithiafulvalenoquinone-1,3-diselenolemethide (EDT-DSDT-
FVODS) and either an FeBr4

- or a GaBr4
- ion exhibit semicon-

ducting properties and had small activation energies. The FeIII d
spins of the FeBr4

- salt are initially subject to a strong antiferro-
magnetic interaction and afterward exhibited a weak ferromag-
netism at 3.8 K with a very small remanent magnetization of ca.
4 × 10-2 µB and a spin-flop near 25 kOe along the intercolumnar
direction.

Spintronics based on the relationship between the electron
charge and spin states are expected to play an important role
in the development of next-generation electronic devices.1

These new electronics utilize a magnetoresistance (MR)
effect in which electrical resistance increases or decreases
when a magnetic field is applied. Several MR effects are
already known, but recently a tunneling MR effect has
attracted much attention because it may aid in the develop-
ment of a spintronics device with improved data density,
S/N ratio, response time, and required magnetic field.2 This
MR effect depends on a ferromagnetic metal or semiconduc-
tor in which a current of electrons is spin-polarized and fur-
nished with two components of charge and spin. Because
such materials already exist in metallic and inorganic sys-
tems, many current efforts aim to develop spintronics devices

that use the materials as source and drain electrodes and also
as a carrier layer. On the other hand, corresponding organic
materials have not yet been identified and the tunneling MR
effect has not been investigated in an organic system.

Our recent efforts have been directed toward generating
an unprecedented ferromagnetic molecular metal or semi-
conductor by using charge-transfer (CT) salts created with
new donor molecules synthesized in our laboratory, such as
tetrathiafulvalenoquinone(-thioquinone)-1,3-dithioleme-
thide and its derivatives, and magnetic FeCl4

- or FeBr4-

ions.3 Very recently, a 2:1 CT salt of ethyelenedithiodiselena-
dithiafulvalenothioquinone-1,3-diselenolemethide (EDT-DS-
DTFVSDS,1) and FeBr4- ion (12‚FeBr4) was found to ex-
hibit metallic conductivity down to 0.6 K and to show antifer-
romagnetic ordering of the FeBr4

- ions’ FeIII d spins at 3.3
K. This temperature is the highest so far at which this behav-
ior has been observed, and it occurred because of a strong
interaction with the conductingπ electrons.3e Nevertheless,
ferromagnetic ordering has still not been achieved.

In this study,1 was converted to the corresponding ketone
derivative (EDT-DSDTFVODS,2), which also generated
a 2:1 CT salt with the FeBr4

- ion (22‚FeBr4). We report
that this FeBr4- salt was a semiconductor, but when the
FeIII d spins strongly antiferromagnetically interacted with
each other, the FeBr4

- salt exhibited weak ferromagnetism
at 3.8 K.
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Compound1 was reacted with 6 equiv of mercury(II)
acetate in acetic acid/THF (1:5, v/v) and then was recrystal-
lized from CS2/hexane to generate2 as a red powder [mp
207-208 °C (dec)] with a 90% yield. The chlorobenzene/
ethanol (9:1, v/v) solution of2 and (n-Bu)4N‚FeBr4 or
(n-Bu)4N‚GaBr4 was exposed to electrochemical oxidation
at 45°C with a constant current of 0.2µA to generate black
crystals of22‚FeBr44 and22‚GaBr45 after several weeks.

Figure 1a shows a crystal structure projection of22‚FeBr4
in the ac plane. Almost the same crystal structure was
obtained for22‚GaBr4. Two crystallographically independent
2 molecules (A in a neutral state andB in a cation radical
state, respectively, judging from their bond lengths) appear
in the crystal (Figure 1a), and the two molecules are stacked
in a sequence of-ABB′A′- along thea axis to form one-
dimensional columns. The top and side views of the overlaps
betweenA and A′ (A/A′), betweenA and B (A/B), and
betweenB andB′ (B/B′) in each column are shown in Figure
1b. Obviously, the orbital overlaps are more extensive in
the order ofB/B′ > A/B > A/A′, although the interplanar
distances are almost the same (3.56, 3.57, and 3.55 Å). As
discussed below, the molecular orbital (MO) calculations
showed an increase in the overlap integrals (Sππ) in the order
of B/B′ >> A/B > A/A′. Consequently, a set ofA, B, B′,
and A′ form a tetramer, and the tetramers are repeatedly
stacked in each column. Because this salt is composed of
two donor molecules and one FeBr4

- ion, each tetramer
occupies two positive charges and two spins. The two spins
residing in each tetramer are likely placed preferentially at
the two B molecules to form a singlet state. In addition,
neighboring columns have large overlaps with each other to
make up the donor layers in theabplane (Figure 1b). FeBr4

-

ions are located between neighboring donor layers and
arranged with a distorted honeycomb structure. Br‚‚‚Br
contacts with short distances (4.03 and 4.67 Å) exist between
neighboring FeBr4- ions. Furthermore, neighboring FeBr4

-

ions have contacts with donor molecules in the neighborhood,
as can be seen from the Br‚‚‚S (3.78 and 3.90 Å) and
Br‚‚‚Se (3.56, 3.74, 3.75, and 3.91 Å) contact distances.

As is expected from the stacking structure of donor
molecules, electrical conductivities of the FeBr4

- and GaBr4-

salts at room temperature were moderate (ca. 0.1 S cm-1).

Their conducting behavior became semiconducting with
small activation energies of 50-70 meV. The FeBr4- salt
exhibited very interesting magnetic properties. The temper-
ature (T) dependence of paramagnetic susceptibility (øp) was
measured using the polycrystals under a magnetic field (H)
of 1 kOe in theT range of 1.9-300 K. Above 20 K, theøp

values obeyed the Curie-Weiss law and exhibited a Curie
constant of 4.43 emu K mol-1 and a Weiss temperature of
-15.5 K. The Curie constant observed is close to the value
(4.38 emu K mol-1) calculated for the FeIII (S ) 5/2) spin
entity. The large negative Weiss temperature indicates a
strong antiferromagnetic interaction between the d spins of
FeBr4- ions. Below 20 K,øp gradually became smaller than
the value expected based on the Curie-Weiss curve, reached
a maximum near 7 K, and then slightly decreased with
decreasingT but abruptly increased near 4 K. Thisøp-T
behavior suggests a low-dimensional antiferromagnetic or-
dering near 7 K and a three-dimensional magnetic ordering
accompanied by a remanent magnetization near 4 K. The
donor molecules’π spins do not contribute to the magnetiza-
tion (M) but can interact somewhat with the d spins of the
FeBr4- ions because the two spins in each tetramer of donor
molecules are in a singlet state. The electron spin resonance
(ESR) signal intensity (I) for the GaBr4- salt6 became almost
zero near 80 K, and theI-T plot was well described by a
singlet-triplet model with an energy difference (∆E) of ca.
690 K in theT range of 4-300 K (Figure 2a).

To characterize the FeBr4
- salt’s magnetic ordering in

more detail and to elucidate a possible mechanism, theøp-T
measurement was carried out below 10 K on single crystals
by applyingH to each crystal axis. Eachøp-T plot for H|a,
H|b, andH|c, whereH ) 1 kOe, is shown in Figure 2b.
The øp-T behavior alongH|b is very similar to that of the

(4) Crystal data for22‚FeBr4: C22H12O2S8Se8FeBr4, M ) 1571.96,
monoclinic,a ) 14.428(9) Å,b ) 13.924(9) Å,c ) 19.35(1) Å,â )
100.15(3)°, V ) 3825(4) Å3, T ) 296 K, space groupP21/a, Z ) 4,
µ(Mo KR) ) 12.659 cm-1, 75 606 reflections measured (Rint ) 0.108),
8740 unique, of which 5682 were used in all calculations [F 2 >
2.00σ(F 2)]. The final R andRw were 0.038 and 0.053, respectively.

(5) Crystal data for22‚GaBr4: C22H12O2S8Se8GaBr4, M ) 1585.83,
monoclinic,a ) 14.4459(5) Å,b ) 13.9377(4) Å,c ) 19.3784(6) Å,
â ) 100.1070(9)°, V ) 3841.2(2) Å3, T ) 296 K, space groupP21/a,
Z ) 4, µ(Mo KR) ) 12.933 cm-1, 74 014 reflections measured (Rint
) 0.129), 8694 unique, of which 4003 were used in all calculations
[F 2 > 2.00σ(F 2)]. The final R and Rw were 0.037 and 0.046,
respectively.

(6) The ESR spectrum of22‚GaBr4 showed one broad signal in theT
range measured.

Figure 1. Crystal structure of22‚FeBr4: (a) a side view; (b) overlaps
between neighboring donor molecules (A/A′, A/B, andB/B′)

Figure 2. Temperature (T) dependences of (a) the ESR signal intensity
(I) for 22‚GaBr4 in the T range of 4-300 K and of (b) paramagnetic
susceptibility (øp) for single crystals of22‚FeBr4 in theT range of 1.9-10
K. H is applied to each of thea, b, andc axes.
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polycrystals. ForH|a andH|c, øp increased with decreasing
T and showed a small jump near 4 K that was not preceded
by a decrease. Figure 3a showsM-H plots alongH|a, H|b,
andH|c, whereH ranges from 0 to+50 kOe atT ) 1.9 K.
Obviously,M increased almost linearly withH along H|a
and H|c. Meanwhile, a spin-flop occurred near 25 kOe in
theM-H plot alongH|b, and hysteresis with a remanentM
value of ca. 4× 10-2 µB (µB ) Bohr magneton) and a
coercive field of 380 Oe was observed in the lowerH region
(Figure 3a, inset). The heat capacities (Cmol) of 22‚FeBr4 and
the corresponding GaBr4

- salt were also measured. The
magnetic heat capacity (Cmag) of the FeBr4- salt, calculated
by subtracting the GaBr4

- salt’sCmol from the FeBr4- salt’s
Cmol, showed aλ-shaped peak at 3.8 K (Figure 3b), which
indicates its magnetic ordering temperature. The magnetic
entropy (Smag) of 14.8 J K-1 mol-1 calculated fromCmag is
very close toR ln 6 (R) gas constant), or 14.89 J K-1 mol-1,
which is expected from the FeIII (S ) 5/2) spin entity.

An extended Hu¨ckel MO method was used to calculate
Sππ between neighboring donor molecules, exchange integrals
between d and d spins (Jdd), and exchange integrals between
π and d spins (Jπd).7 TheSππ values betweenA/A′ (a3),A/B
(B′/A′) (a2), andB/B′ (a1) overlaps in each donor-stacked
column are-3.49× 10-3, -5.41× 10-3, and 27.14× 10-3,
respectively, indicating that molecules ofA, B, B′, andA′
form a tetramer using strongerA/B, B/B′, andB′/A′ overlaps
instead ofA/A′ overlaps, even thoughA/A′ molecules have
close side-by-side overlaps (b1) -9.21× 10-3, b2) -9.53
× 10-3, p ) -12.99× 10-3, q ) 2.72 × 10-3, and r )
0.94× 10-3) with donor molecules on neighboring columns.
This result supports a singlet formation in each tetramer
between twoπ spins, as mentioned above. On the other hand,
for Jdd there are three differentJI (0.20 K),JII (0.14 K), and
JIII (0.007 K), while forJπd, 12 differentJ1-J12’s exist with
values of 4-0.02 K, which can also contribute to the
magnetic ordering via their d spins.

The unique magnetic behavior of22‚FeBr4 can be ex-
plained by the possible d-spin-driven spin structure of the
FeBr4- ions, shown in Figure 4. Above 20 K, the d spins
are subject to a comparatively strong antiferromagnetic
interaction withJ1 to form one-dimensional antiferromagnetic
chains along thea axis. Upon a decrease in the temperature

below 20 K, antiferromagnetic d chains begin to interact with
each other throughJII andJπd. TheJII interaction can arrange
all d spins in an antiparallel manner, but two strongπ-d
interactions (J2 ) 2.1 K andJ3 ) 1.5 K) between the d spins
and theπ spins on moleculeB force the two interacting d
spins into a parallel arrangement and destabilize the anti-
parallel spin structure. To relieve this situation, the spin
structure that preferentially adopts a completely antiparallel
arrangement must undergo some change. Consequently, a
canted antiferromagnetism was used, after which a very small
and anisotropic remanentM of ca. 4 × 10-2 µB mol-1

appeared. Judging from the fact that both the remanent
M and the spin-flop are observed along theH|b direction,
a spin structure as shown in Figure 4 is most likely. In
this structure, a pair of neighboring d spins (M1 andM2) in
each of the one-dimensional d-spin chains are almost di-
rected toward theb axis and canted toward each other.
Furthermore, when one d-spin chain has an arrangement of
‚‚‚M1M2M1M2‚‚‚, its neighbor has an arrangement of
‚‚‚M2′M1′M2′M1′‚‚‚, whereM1′ andM2′ have a reverse spin
direction relative toM1 andM2 along theb axis. The canting
between the antiferromagnetically interactingM1 and M2

might occur by a spin frustration as mentioned above. Note
that the present weak ferromagnetism is generated by a very
unique arrangement of canted one-dimensional antiferro-
magnetic d-spin chains and neighboring d-spin chains with
reverse spin directions.
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Figure 3. (a) Relationship between the magnetic field (H) and magnetiza-
tion (M) for single crystals of22‚FeBr4 whenH is applied to each of thea,
b, andc axes in theH range of 0 to+50 kOe atT ) 1.9 K. The inset
showsM-H plots for H|a, H|b, andH|c in the H range of(3 kOe. (b)
Temperature dependence of the magnetic heat capacity (Cmag) and magnetic
entropy (Smag).

Figure 4. Spin structure of the FeBr4
- ions’ d spins connected withJI,

JII , JIII , J2, andJ3. Each canted one-dimensional antiferromagnetic d-spin
chain of‚‚‚M1M2M1M2‚‚‚ and its neighbor, ordered‚‚‚M2′M1′M2′M1′‚‚‚, has
a reverse spin direction.
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