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The 2:1 salts of a new bent donor molecule, ethylenedithiodisel- that use the materials as source and drain electrodes and also
enadithiafulvalenoquinone-1,3-diselenolemethide (EDT-DSDT- as a carrier layer. On the other hand, corresponding organic
FVODS) and either an FeBr,~ or a GaBr,~ ion exhibit semicon- materials have not yet been identified and the tunneling MR
ducting properties and had small activation energies. The Fe'' d 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 F£GCbr FeBy~
ions? Very recently, a 2:1 CT salt of ethyelenedithiodiselena-
dithiafulvalenothioquinone-1,3-diselenolemethide (EDT-DS-
DTFVSDS,1) and FeBj~ ion (1,-FeBr) was found to ex-
%ibit metallic conductivity down to 0.6 K and to show antifer-

spins of the FeBr,~ 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 x 1072 ug 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 rol

in the development of next-generation electronic devices. romagnetic ordering of the FeBrions’ Fé! d spins at 3.3

Th new electroni iliz magnetoresistan MR ; . . ; .
ese ne .eect onics ut 2€ a mag etoresistance ( )K. This temperature is the highest so far at which this behav-
effect in which electrical resistance increases or decreases .
AP . lor has been observed, and it occurred because of a strong
when a magnetic field is applied. Several MR effects are .

. interaction with the conducting electrons®® Nevertheless,
already known, but recently a tunneling MR effect has . ; - .
. . L ferromagnetic ordering has still not been achieved.
attracted much attention because it may aid in the develop- . .
. . : o . In this study,1 was converted to the corresponding ketone

ment of a spintronics device with improved data density, A :

. ; . . . derivative (EDT-DSDTFVODS2), which also generated
S/N ratio, response time, and required magnetic fidltlis

MR effect depends on a ferromagnetic metal or semiconduc-2 2:1 (.:T salt with the FeRr on (2 FeBu). We report
. . . . . that this FeBy~ salt was a semiconductor, but when the
tor in which a current of electrons is spin-polarized and fur-

. ) . Fe' d spins strongly antiferromagnetically interacted with
nished with two components of charge and spin. Because I !
. o ? . ) each other, the FeBr salt exhibited weak ferromagnetism
such materials already exist in metallic and inorganic sys-

tems, many current efforts aim to develop spintronics devices at3s K.
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[SIS§=<S X X=S:EDT-DSDTFVSDS, 1
A s:g/Se X = 0: EDT-DSDTFVODS, 2
Se\/

Compoundl was reacted with 6 equiv of mercury(Il)
acetate in acetic acid/THF (1:5, v/v) and then was recrystal-
lized from CS/hexane to generat2 as a red powder [mp
207—-208 °C (dec)] with a 90% yield. The chlorobenzene/
ethanol (9:1, v/v) solution o2 and @-Bu);N-FeBr or
(n-Bu)N-GaBr, was exposed to electrochemical oxidation rigyre 1. Crystal structure of,-FeBr;: (a) a side view; (b) overlaps
at 45°C with a constant current of 0/2A to generate black  between neighboring donor moleculeés/A’, A/B, andB/B')
crystals of2,-FeBr* and 2,-GaBr,® after several weeks.

Figure 1a shows a crystal structure projectio2pFeBr,
in the ac plane. Almost the same crystal structure was
obtained for2,»GaBl,. Two crystallographically independent
2 molecules A in a neutral state anB 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
betweerB andB' (B/B') in each column are shown in Figure Figure 2. Temperature) dependences of (a) the ESR signal intensity
1b. Obviously, the orbital overlaps are more extensive in gasgpﬁgm% '%rtzﬁ];;i?gga?sf ;f’,?:%BKM ﬁ]”?h:; ggz]gpsgafnl‘f’"gl‘gt'c
the order ofB/B’' > A/B > A/A’, although the interplanar K. H is applied to each of the, b, andc axes.
distances are almost the same (3.56, 3.57, and 3.55 A). As
discussed below, the molecular orbital (MO) calculations Their conducting behavior became semiconducting with
showed an increase in the overlap integr8ls)(in the order ~ Small activation energies of 500 meV. The FeBr salt
of B/B' >> A/B > A/A’. Consequently, a set &, B, B', exhibited very interesting magnetic properties. The temper-
and A’ form a tetramer, and the tetramers are repeatedly ature ) dependence of paramagnetic susceptibijity was
stacked in each column. Because this salt is composed offt€asured using the polycrystals under a magnetic fig)d (
two donor molecules and one FeBrion, each tetramer  Of 1 kOe in theT range of 1.9-300 K. Above 20 K, they,
occupies two positive charges and two spins. The two spinsValues obeyed the CurieNeiss law and exhibited a Curie
residing in each tetramer are likely placed preferentially at constant of 4.43 emu K mot and a Weiss temperature of
the two B molecules to form a Singlet state. In addition’ —15.5 K. The Curie constant observed is close to the value

neighboring columns have large overlaps with each other to (4.38 emu K mot?) calculated for the F& (S = °/2) spin

make up the donor layers in tlb plane (Figure 1b). FeBr entity. The large negative Weiss temperature indicates a
ions are located between neighboring donor layers andstrong antiferromagnetic interaction between the d spins of
arranged with a distorted honeycomb structure:--Br FeBr,~ ions. Below 20 Ky, gradually became smaller than

contacts with short distances (4.03 and 4.67 A) exist betweenthe value expected based on the Culiéeiss curve, reached

neighboring FeBr ions. Furthermore, neighboring FeBr @ maximum near 7 K, and then slightly decreased with

ions have contacts with donor molecules in the neighborhood,decreasingl” but abruptly increased near 4 K. Thig—T

as can be seen from the ‘BS (3.78 and 3.90 A) and behavior suggests a low-dimensional antiferromagnetic or-

Br---Se (3.56, 3.74, 3.75, and 3.91 A) contact distances. dering nea7 K and a three-dimensional magnetic ordering
As is expected from the stacking structure of donor accompanied by a remanent magnetization near 4 K. The

molecules, electrical conductivities of the FgBand GaBj~ donor molecules’r spins do not contribute to the magnetiza-

salts at room temperature were moderate (ca. 0.1 S)em  tion (M) but can interact somewhat with the d spins of the
FeBr;~ ions because the two spins in each tetramer of donor

(4) Crystal data for2;-FeBr: CoH1.0,SsSesFeBn, M = 1571.96, molecules are in a singlet state. The electron spin resonance
monoclinic,a = 14.428(9) Ab = 13.924(9) Ac = 19.35(1) A = (ESR) signal intensityl} for the GaBj~ salf became almost
100.15(3y, V = 3825(4) B, T = 296 K, space group2i/a, Z = 4, K d the-T ol ld ibed b
u(Mo Ka) = 12.659 cnt?, 75 606 reflections measurel = 0.108), Z€ro near 80 K, an t_b_ plot was well described by a
8740(ur;;(]1ueh O; Wflﬂch 55582 were used in g” calculatioRs P : singlet-triplet model with an energy differenc&FE) of ca.
2.005(F?)]. The final R andRwwere 0.038 and 0.053, respectively. ; ;

(5) Crystal data for2;*GaBu: CoH1:0,SsSeGaBi, M = 1585.83, 690 Kin theT r_ange of 4-300 K,(Flgure 2a) . .
monoclinic,a = 14.4459(5) Ap = 13.9377(4) Ac = 19.3784(6) A, To characterize the FeBr salt’'s magnetic ordering in
f=100.1070(9), V= 3841.2(2) R, T = 296 K, space group2y/a, more detail and to elucidate a possible mechanismyth@

Z=4,u(Mo Ka) = 12.933 cm}, 74 014 reflections measureB{ . .
= 0.129), 8694 unique, of which 4003 were used in all calculations Measurement was carried out below 10 K on single crystals

[F2 > t_2-0|07(F2)]- The final R and Rw were 0.037 and 0.046, by applyingH to each crystal axis. Eagh—T plot for Hila,
respectively. _ ; ; :

(6) The ESR spectrum d?,GaBr, showed one broad signal in thle Hilb, and Hilc, WhereH =1 k_oe' IS S.hO.Wﬂ in Figure 2b.
range measured. The x,—T behavior alondHllb is very similar to that of the
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Figure 3. (a) Relationship between the magnetic fight) and magnetiza-
tion (M) for single crystals oR,-FeBr whenH is applied to each of tha,
b, andc axes in theH range of 0 to+50 kOe atT = 1.9 K. The inset
showsM—H plots for Hila, Hilb, andHllc in the H range of+3 kOe. (b)
Temperature dependence of the magnetic heat cap&sity @nd magnetic

entropy Gnag-

polycrystals. FoHIla andHIic, y, increased with decreasing
T and showed a small jump ne4 K that was not preceded
by a decrease. Figure 3a shoMts-H plots alongHlla, Hilb,

andHllc, whereH ranges from 0 te+-50 kOe afT = 1.9 K. Figure 4. Spin structure of the FeBr ions’_d spins _connected Witﬂl, '
. . . . Ji, dui, Jo, andJs. Each canted one-dimensional antiferromagnetic d-spin
Obviously, M increased almost linearly withl alongHlla chain of+-MiMM:M,+++ and its neighbor, ordereerM,My' M,/ M;'+++, has

and Hllc. Meanwhile, a spin-flop occurred near 25 kOe in a reverse spin direction.

theM—H plot alongHIlb, and hysteresis with a remanéwt

value of ca. 4x 1072 ug (ug = Bohr magneton) and a  below 20 K, antiferromagnetic d chains begin to interact with
coercive field of 380 Oe was observed in the loweregion ~ €ach other through, andJ,q. TheJ, interaction can arrange
(Figure 3a, inset). The heat capaciti€§) of 2,*FeBr and all d spins in an antiparallel manner, but two strongd

the corresponding GaBr salt were also measured. The interactions, = 2.1 K andJ; = 1.5 K) between the d spins
magnetic heat capacitfCfag of the FeBs~ salt, calculated anq th_e:r spins on moleculd force the two interacting d .
by subtracting the GaBr salt's Cno from the FeBy~ salt’s spins into a parallel arrangement and destabilize the anti-
Cmoi, Showed al-shaped peak at 3.8 K (Figure 3b), which Parallel spin structure. To relieve this situation, the spin
indicates its magnetic ordering temperature. The magneticStructure that preferentially adopts a completely antiparallel

entropy Grag of 14.8 J K'* mol~* calculated fromCpagis arrangement must undergo some change. Consequently, a
very close tR In 6 (R= gas constant), or 14.89 JKmol 2, canted antiferromagnetism was used, after which a very small
which is expected from the Fe(S = 5/,) spin entity. and anisotropic remane¥ of ca. 4 x 1072 ug mol™*

An extended Haokel MO method was used to calculate @Ppeared. Judging from the fact that both the remanent
S. between neighboring donor molecules, exchange integralsM and the spin-flop are observed along b direction,
between d and d spinds), and exchange integrals between @ SPin structure as shown in Figure 4 is most likely. In
7 and d spinsJuq).” The S, values betweeA/A’ (a3),A/B this structure, a pair of neighboring d spiid;(andMy) in

(B'/A") (a2), andB/B' (al) overlaps in each donor-stacked each of the one-dimensional d-spin chains are almost di-
column are—3.49x 1073, —5.41 x 1073, and 27.14x 1073, rected toward theb axis and canted toward each other.

respectively, indicating that molecules Af B, B', andA’ Furthermore, whgn one'd-spin chain has an arrangement of
form a tetramer using stronga/B, B/B', andB'/A’ overlaps ~ ***MiM2MiMy--+, its neighbor has an arrangement of
instead ofA/A’ overlaps, even though/A’ molecules have ~ ***M2Miy'M2'My'"++, whereM," andM;' have a reverse spin
close side-by-side overlaps (51—9.21 x 1073, b2= —9.53 direction relative tdV; andM, along theb axis. The canting

x 1073 p= —12.99x 1073 q = 2.72 x 1073, andr = between the antiferromagnetically interactivg and M,

0.94 x 10-3) with donor molecules on neighboring columns. might occur by a spin frustration as mgntioned above. Note
This result supports a singlet formation in each tetramer that the present weak ferromagnetism is generated by a very
between twor spins, as mentioned above. On the other hand, unique arrangement of canted one-dimensional antiferro-
for Juq there are three differedt (0.20 K), J; (0.14 K), and magnetic d-spin chains and neighboring d-spin chains with

Ju (0.007 K), while ford,q, 12 differentd;—J;2's exist with reverse spin directions.
values of 4-0.02 K, which can also contribute to the  Acknowledgment. The authors thank Professor Takehiko
magnetic ordering via their d spins. Mori for his kind advice in the MO calculations of overlap

The unique magnetic behavior @-FeBu can be ex-  and spin exchange integrals.

plained by the possible d-spin-driven spin structure of the _ _ _ o
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FeBr,~ ions, shown in Figure 4. Above 20 K, the d spins ‘ q s p o |
are subject to a comparatively strong antiferromagnetic 'F 2 FeBl and2,GaBu crystals in CIF format angt —z overlap

. . . . . . . integrals and e&d exchange integrals calculated by an extended
interaction withJ; to form one-dimensional antiferromagnetic g 9 J y

hai | h is U d inth Hiickel MO method for2,-FeBr,. This material is available free of
chains along tha axis. Upon a decrease in the temperature charge via the Internet at http://pubs.acs.org.
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