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A number of conducting organic materials that incorporate a b
localized spins have been prepared, and their conducting and *s” 15 . 415" o _4:-%:;;' T 0w e v
magnetic properties have been investigated to understand the ;g’,‘::f:-‘_\’_-’.g‘, B &SRS B wwm
interaction between conducting electrons and localized spihs. g & A, T A 8
Several salts based on tetrathiafulvalene (TTF)-type donor mol-
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ecules with magnetic anions showed interesting phenomena in ® 2o e m’
. . Lo . #, C fo €
which metallic and/or superconductivities and a magnetic ordered L R s R

state coexist in the identical system and interact with each other, Figure 1. (a) Crystal structure dt,FeCk projected down to thac-plane.

like a ferromagnetic metal of (EFJMNnCr(C;04)3]* and anti- (b) Donor array in théc-conduction plane and overlap integrals between
ferromagnetic superconductorse{BETS)-FeX, (X = CI, Br),2 the neighboring donor molecules2a-FeCl: bl= 7.0 x 1073, b2=10.4
where ET= bis(ethylenedithio)TTF and BETS bis(ethylene- x 107% pl=10.9x 1073 p2= —4.3 x 1073 and p3= —3.5 x 1072

dithio)tetraselenafulvalene. EspeciallysABETS)-FeBr, meta-
magnetism of the magnetic anion layer enabled a switching of the
conductivity through ther—d interaction and was realized a field-
induced superconductivity around 12.5 T. To develop new types
of magnetic molecular conductors, we focused on donor molecules
with bent molecular structures and recently discovered a ferro-
magnetic ordering of Fe(lll{l spins of the FeBr ions & 1 K in

the 2:1 FeBy salt of EDT-TTFVO (ethylenedithiotetrathia-
fulvalenoquinone-1,3-dithiolemethid&).* However, this salt ex-
hibited a metal-to-semiconductor transition around 170 K. To
suppress such a transition, we noticed the introduction of an
ethylenedioxy group because of its strong tendency to form stable . o .
metallic states as cr))ften observed in bis(?athylenedioxy)TTF (BO) (3.48 A) along thé-axis. In a_dd_ltlon,.there Is a short-Gi5 contact
salts. Here we report the crystal structure and physical properties(3'60 A Pgtween the _1’3'd'th'0|¢ fing of the donor_molecu_le and
of the 2:1 FeC- salt of a new donor molecule, EDO-TTFV@)( the FeCJ~ ion, suggesting a possibility of a strong-d interaction

and clear the coexistence of stable metallic behavior down to 0.3 by_lyri]rtut;s oLthel Chla:,aCteriStiC befnt moollel;:ulart.str:tjgt'ug-?z.of thod
K and antiferromagnetic ordering of the Fe(ltl)spins at 3 K. € band calculation was performed by a tight-binding metho
based on an extended ekel approximation (Figures 1b and 2a).

There are two different overlaps (b1, 701073, and b2, 10.4x

structures. As shown in Figure 1b, the donor molecules #rB—
A—B-type side-by-side arrays along theaxis with several short
S:--S(O) contacts, suggesting a strong intermolecular interaction
along thec-axis. In thebc-layer, the donor molecules construct
two identical diagonal stackings like—A'—B—B' along [0 2 1]
and [0 2 —1] directions. This donor array resemblegi'atype
packing motif. There is a relatively short hydrogen bond (€8,

2.87 A) between the ethylenedioxy groups along the p1 direction,
which might determine this characteristic packing motif as often
observed in the BO salts. The FgClons form a two-dimensional
rectangular arrangement in the-plane with a short C-Cl contact

S-S 8-° O -s s-°
[ I D j%/s [ I b é/s 10-3) along the side-by-side direction. The overlap integrals along
s=s 8 \/) oS 8 \/) the diagonal stacking are also relatively large, pE-B), 10.9 x
1:E0T-TTRVO. S 2 E00-TTFVO S 1073 p2 (A—A"), —4.3 x 107%; and p3 B—B'), —3.5x 1073, and

have almost the same order of amplitudes as b1 and b2, suggesting
a two-dimensional interaction in the conductibo-plane. As a
result, the calculated Fermi surface has a two-dimensionality and
closes along the ¥M line but opens along the-ZM line, giving

rise to one closed ellipse around Z-point and two opened Fermi
surfaces along the MY —M line (Figure 2a).

The new donor molecul@® was synthesized according to the
method similar to the synthesis @f® Electrochemical oxidation
of 2 was performed in chlorobenzene/ethanol (9:1, v/v) at@h
the presence of El-FeCl, under a constant current of OuA,
and after 1 week was obtained a black needlelike crystél,of
FeCl. The crystal structure analysis of this salt was perforied. o trical resistivity ) of the single crystal was measured down
There are two crystallographically independent donor molecules y, g 3k The electrical conductivities measured along the conduc-
(A andB), and they are located on the mirror plane parallel to the tion plane and perpendicular to the conduction plane are 8.4 and
molecular planes, indicating complete planarity of their molecular 0.02 'S cm at room temperature, respectively, and stable metallic
behaviors were kept down to 0.3 K for both of the measurements,
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§CREST. ' ‘ o as shown in Figure 2b. Since all of the salts obtained so far by our
y Department of Applied Chemistry, Osaka Prefecture University. donor molecules showed semiconducting behavior or metal-to-
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£ Tokyo Institute of Technology. semiconductor transitions at relatively high temperature regions
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Figure 2. (a) Band dispersion and Fermi surface. (b) Temperature

dependence of electrical resistivities down to 0.3 K measured along the

conduction plane (blue) and perpendicular to the conduction plane (red).
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Figure 3. (a) Temperature dependenceyoin the temperature range of
1.9-20 K at 1 kOe and a CurieWeiss fitting curve withC = 4.45 emu K
mol~t and® = —9.8 K (blue: H Il a; red: H Il b; green: H Il ¢). (b) H
dependence o¥ in the H range of 6-50 kOe at 1.9 K and a Brillouin
function withg = 2.0, S= 5/2, andT = 1.9 K (black).
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above 100 K, this salt became the first stable metal down to 0.3 K.
This stabilization of metallic state is considered to originate from
the achievement of two-dimensional Fermi surfaces by the intro-
duction of an ethylenedioxy group.

Magnetic susceptibilitiesy] were measured on several pieces
of the single crystals that are aligned to the same orientation using
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Figure 4. (a) Magnetic field H) dependence of magnetoresistances up to
7 T at different temperatures of 0.30, 0.70, 1.54, 3.50, 5.35, 7.80, and 11.0
K. H and current ) were applied perpendicular to the crystal plate (
a-axis). (b) Magnetoresistance data in the formH3fplots.

important belowTy. As a result, we consider that the strong
downward deviation fronH? is attributable to the suppression of
the spin-scattering effect bg spins of the FeGl ions with an
application ofH. Therefore, the observation of the deviation below
Ty suggests the presence of thed interaction in this system.
Molecular orbital calculation affords much largérd interaction
of this salt,Jgg = 1.17 K compared tdyqy = 0.04 K forx-(BETS)-
FeClL.2 The calculatedz—d interaction,J,q = 2.91 K, is also
comparable td,q = 3.12 K fork-(BETS)-FeCl,. In the comparison
with thex-(BETS)-FeCl salt (Ty = 0.45 K)32the present FeGi
salt has characteristics of a highir (3.0 K) and an anomaly of
magnetoresistances evidencing the stronger magnetic interactions.
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a SQUID magnetometer. The measurements were performed byfor the crystal of2,rFeCl, in CIF format. This material is available

applying a magnetic fieldH = 1 kOe) along the three crystal-
lographic axes of the single crystah, (b, and c-axes). The
temperature dependence jpfibove 15 K can be well fitted with
the Curie-Weiss law with a Curie constan€C) of 4.45 emu K
mol~! and a Weiss temperaturé & —9.8 K), suggesting that a
relatively strong antiferromagnetic interaction occurs preferentially
between thel spins of the FeGt ions. As shown in Figure 3, a
sudden decrease gfwas observed below c& K only whenH

was applied along thae-axis. This indicates an antiferromagnetic
ordering afTy ~ 3 K with an easy-spin axis parallel to tleaxis.

The magnetization\) curve of2,-FeCl, measured at 1.9 K showed

a spin—flop around 12 kOe whehl was applied along tha-axis

and a very slow increase & compared to that of the Brillouin
function withg = 2.0,S=5/2, T = 1.9 K. Since the metallic state

is still kept even when the antiferromagnetic ordering occurs, this
salt can be listed as a new antiferromagnetic molecular metal at
ambient pressure.

Figure 4a shows a series of the magnetoresistances (MR) up to

7 T from 0.30 to 11.0 KH was applied along the-axis, and the
interplane resistivitiesp (current,| O plane), were measured at
different temperatures between 0.30 and 11.0 K. At 11.0 K, the
MR increased quadratically with increasikyy which is simply
explained in terms of the orbital effect by Lorentz force. With
decreasing temperature, the magnetic field dependence of MR
gradually changed from concave to convex curves figaas seen

in Figure 4a. In Figure 4b, a dramatic downward deviation from
H2 dependence was evident beldyin high fields. It is expected
that the alignment ofl spins of the FeGt ions is enhanced with
increasing magnetic field and that the-d interaction becomes
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