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Abstract: The preparation, crystal structures, and electric and magnetic properties of @BEISinolecular
conductors (BETS= bis(ethylenedithio)tetraselenafulvalene;?#Mn2*, Fet, Ca?™, Ni2+, Clet; X = Cl, Br, CN)

are reported. Resistivity measurements dow8 K reveal the coexistence of the BERRonduction electrons and

the localized magnetic moments of the anions in{BETS)FeCl andx-(BETSK(CoCl)(C.HsCls) salts. Another

FeCl, phase/-(BETS)FeCl, undergoes a sharp metal-insulator (MI) transition around 8 K. At the same temperature,
a magnetic transition of the Fe&nions takes place cooperatively. A superconducting transition is observed at 4.6
Kin 1-(BETS)(FeClk)o 5(GaClk)o 5, where half of the anion sites are occupied by magnetic ions. The crystals prepared
from 1,1,2-trichloroethane solutions with the Ni€l and MnCl?~ anions exhibit the behavior of a semimetal down

to ~100 K. The (BETS)CuClg) salt remains metallic down to 4.2 K. ESR studies show that tR& ieas in«-

and A-(BETS)FeCl, are in a high-spin state. The temperature dependencies of the spin susceptibilitieendf
A-(BETS)FeCl, indicate antiferromagnetic interactions between th& kens. The crystal structure analysescof
andA-(BETS)FeCl have been carried out at 298 and 10 K. Closer BE'F&Cl, contacts imt-(BETSyFeCl, are
observed, which is consistent with the larger Weiss temperature of this compound.

Since the discovery of the first organic metal (TTF)(TCNQ), Through these works, the old structural concept of conductive
the development of metallic molecular crystals has attracted a crystalline molecular solids based on 1D stacking structures was
considerable interest of solid state chemists. In the pioneercompletely renewed. Atthe same time, the stabilization of the
works of the 1970s, many organic metals analogous to (TTF)- metallic state became fairly easy and organic conductors with
(TCNQ) were examined. However all these compounds 2D Fermi surfaces such as theand«-type BEDT-TTF based
inherited the characteristic metal instability of such one- superconductors were discovefgd Along with these organic
dimensional systents.At the end of this period, two important ~ systems, a number of molecular conductors based on the
s-donor molecules were developed, which opened a new ageM(dmit), transition metal complexes (¥ Ni, Pd, Pt, ...; dmit
of the chemistry and the physics of the molecular conductive = 1,3-dithiole-2-thione-4,5-dithiolato, 4552~) have been
systems. The first one is TMTSHnd the second one is BEDT-  reportedi®12 Thus, the design oft molecular conductors,
TTFS5 They eventually led to the first and the second genera- which do not exhibit the ubiquitous insulating instability of the
tions of organic superconductors. In fact, after the report of 1D systems, has been greatly developed in the last decade.
the first organic superconductor (TMTSPFs,° systematic Almost all of the molecular metal systems ever reported are
structural studies on a series of organic conductors based oressentiallyr electron systems. In order to make the solid state
multisulfur (and/or seleniumjy-donor molecules have been  chemistry of these molecular metals more fertile, the entry of
carried out with the aim of finding a way to design two- new types of “active electrons” is required. Since the functional
dimensional (2D) molecular metals without metal instabilifies.  electron orbits have open-shell structures, it would be of great
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Table 1. Electrocrystallization Conditions for the (BET,:8)X 4 Salts, Crystal Habit, Room Temperature Conductivity, and Electrical Behavior

electrolyte [EiN].MX4  BETS (mg)  solvent (200 mL)  currentd)  crystal habit  o(RT) (S cm?) electrical behavior

FeCl, 6 CB(Ety 0.5 plate k)° 100 metallic &2 K)
needle {) 20 MI transition (8.5 K)

FeBr 9 CB 1.0 plate £) 60 metallic &4 K)
CoCly 6 TCE 0.5 platex) 20 metallic &2 K)
MnCl, 5 TCE 0.4 plate 40 MI transition<40 K)
MnBr, 5 TCE 0.2 plate 50 MI transitiom{70 K)
NiCl, 5 TCE 0.8 plate 50 MI transitior{50 K)
NiBr4 5 CB(EY) 0.4 plate 50 weakly metallic@ K)
Ni(CN)4 5 CB(Et) 0.1 plate 6 high conductive @ K)
CuCly 5 THF 0.9 needfe 100 metallic &4 K)
CuBrn, 5 THF 0.7 plate 150 MI transitior{55 K)

aCB = chlorobenzene, (Etr the solvent contains 10% ethanol, T&GE1,1,2-trichloroethane, THF tetrahydrofurane® « and A correspond
to thex- and A-type structures: The X-ray structure analysis has revealed the existence gfl€u anions?®

interest to prepare molecular metals having two types of open- development of such “magnetic” molecular conductors, the
shell electron orbitals and which will behave as “multifunctional choice of the donor molecule is of special importance, because
molecular crystals”. Needless to say, one type of orbitals may the evasion from the insulating instability is still a bottle-neck
still consist ofr orbitals, whose intermolecular interaction will ~ for the design of molecular conducting systems. Several years
produce the metallic conductive properties. The other type could ago, we examined the crystal structures and electrical properties
consist of localized orbitals of a magnetic transition metal of a series of molecular conductors based on bis(ethylenedithio)-
complex anion, which will act as a magnetic center. tetraselenafulvalene (BET%).2® As could be expected when

A prototypical good example of electrically and magnetically substituting Se atoms for S atoms in the TTF fragment of BEDT-
active molecular compounds may be the DCNQI-Cu sysfem. TTF, a number of BETS conductors with stable metallic states
It has been pointed out that the mixed valency of Cul&) were obtained. Therefore, BETS being proved a good candidate
affords az-d mixed metallic band*'> Moreover, a peculiar  for obtaining organic conductors with stable metallic states, we
metal-insulator-metal reentrant transition coupled with the tried to prepare such molecular metals with various magnetic
appearance and disappearance of the magnetic ioRs)(Gas anions, in whichr conduction electrons and localized magnetic
been observetf:17 In this system however, the coexistence of moments could coexist down to very low temperatures. Typical
the s conduction electrons and the localized magnetic moments reported examples were (BELEEXs (X = Cl, Br).?* Analo-
could not be achieved. The magnetic moments cfGyppear gous, but semiconducting, BEDT-TTF systems with magnetic
only in the insulating state. MX 4"~ anions have been previously reported by Makakl?>

The first example of stable moleculammetals incorporating ~ Very recently, the first molecular superconduct®s € 8.5 K)
magnetic anions has been reported by Bagl.l® They found with periodic arrangements of magnetic ions from BEDT-TTF
that (BEDT-TTFXCuCl-H,0 retains a metallic state down to  combined with hexagonal networks of tris(oxalatd}Feas been
0.2 K. Spin susceptibility measurements indicate ferromagnetic prepared®
interactions between the €uions. More recently, Gomez- We report in this work on the preparation and the conductive
Garciaet al. have synthesized a BEDT-TTF semiconductor with behavior of a series of (BETS) salts with MX anions (M=
paramagnetic polyanions [€0N1,014%7.1° The (perylene)- Fe, Co, Mn, Ni and/or X= Cl, Br, CN), on the crystal structure
[M(mnt);] charge transfer compounds (M Cu, Ni; mnt= and electronic band structure calculation of tke and
maleonitriledithiolate, GN,S2”) form a unique family of  A-(BETS)FeCl, and«-(BETS)(CoCl)(C,HsCls) phases, and
molecular conductors in which the conductive perylene chains on the ESR properties of the and y-(BETSyFeCl phases.
and the M(mnt) chains with localized magnetic moments
coexist?® Although these two chains are prone to exhibit the Experimental Section

instabilities typical of 1D conducting (Peierls) or magnetic (spin Synthesis. BETS was prepared as previously reportedThe

Peierls) systems; conduction electrons in perylene chains and ¢rystals of the BETS charge transfer salts with MXanions (M=
magnetic moments of the M(matthains do coexist down to  vn2+, F&*, C?*, Ni2*, Ci#*; X~ = CI-, Br~, CN") were prepared

fairly low temperatures~£20 K). by electrochemical oxidation of BETS 8 mg) in an appropriate
Despite these pioneer works, the number of such molecular solvent (20 mL), with the corre;ponding tetraethylammonium salt of
conductors, which would enable a detailed study of the MX " (20—50 mg) as supporting electrolyte, under nitrogen atmo-

interaction at low temperatures, remains very small. For the Sphere at 20C (see Table 1). Electrodes made of 1 mm diameter
platinum wires were used. The current was kept constant atl0®

(13) Aumuller, A.; Erk, P.; Klebe, G.; Hunig, S.; Schutz, J. U.; Werener, uA for one or two weeks. The crystals of mixed anion systems were

H.-P.Angew Chem, Int. Ed. Engl 1986 25, 740. o also prepared from a chlorobenzene (10% ethanol) solution containing
(14) Kobayashi, A.; Kato, R.; Kobayashi, H.; Mori, T.; Inokuchi, $blid GaCl~ and FeCt

State Communl987, 64, 45. o ; s
(15) Kobayashi, H.; Miyamoto, A.; Kato, R.; Sakai, F.; Kobayashi, A.; Resistivity Measuremen_ts. The resistivity of the _samples was

Yamakita, Y.; Furukawa, Y.; Tasumi, M.; WatanabePhys Rev. B'1993 measured by the conventional four-probe method in the-20&

45, 3500. temperature range. Four 1Bn diameter gold wires bonded to the
(16) Tomic, S.; Jerome, D.; Aumuller, A.; Erk, P.; Hunig, G.; Schutz, J.

U. J. Phys C 1988 21, L203. (21) Kato, R.; Kobayashi, H.; Kobayashi, 8ynth Met 1991, 42, 2093.
(17) Kobayashi, H.; Sawa, H.; Aonuma, S.; Kato,JRAm Chem Soc (22) Kobayashi, A.; Kato, R.; Naito, T.; Kobayashi, Siynth Met 1993

1993 115 7870. 56, 2078.
(18) Day, P.; Kurmoo, M.; Mallah, T.; Marsden, I. R.; Friend, R. H.; (23) Naito, T.; Miyamoto, A.; Kobayashi, H.; Kato, R.; Kobayashi, A.

Pratt, F. L.; Hayes, W.; Chasseau, D.; Gaultier, J.; Bravic, G.; Ducasse, L. Chem Lett 1991 1945.

J. Am Chem Soc 1992 114, 10722. (24) Kobayashi, A.; Udagawa, T.; Tomita, H.; Naito, T.; Kobayashi, H.
(19) Gomez-Garcia, C. J.; Ouahab, L.; Gimenez, C.; Triki, S.; Coronado, Chem Lett 1993 2179.

E.; Delhaes, PAngew Chem, Int. Ed. Engl. 1994 33, 223. (25) Mallah, T.; Hollis, C.; Bott, S.; Kurmoo, M.; Day, P.; Allan, M.;
(20) da Gama, V.; Henrique, R. T.; Almeida, M.; Alcacer,dPhys Friend, R. H.J. Chem Soc, Dalton Trans 199Q 859.

Chem 1994 98, 997. (26) Day, P. personal communication.
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Table 2. Crystal Data and Experimental Details forand A-BETSFeCl,

Kobayashi et al.

k-BETSFeCly A-BETSFeCl,

chemical formula FeSE11SsCooH16 FeSgCl4SsCaoH16
temp 298 K 10K 298 K 10K
formula wt 1341.9 1341.9
alA 11.693(5) 11.483(4) 16.164(3) 15.890(7)
b/A 35.945(9) 35.720(15) 18.538(3) 18.378(8)
c/A 8.4914(3) 8.383(3) 6.5928(8) 6.531(4)
o/deg 98.40(1) 98.61(4)
pldeg 96.67(1) 96.67(1)
yldeg 112.52(1) 112.05(3)
V/A3 3569(2) 3438(3) 1773.0(5) 1716(1)
space group Pnma Pnma P P1
VA 4 4 2 2
dy/g cn3 2.497 2.593 2.514 2.598
dimensions/mm 0.4 0.35x 0.02 0.43x 0.32x 0.02 0.45x 0.04 x 0.03 0.42x 0.04x 0.03
radiation Mo(Ko) Mo(Ka) Mo(Ka) Mo(Ka)
data collection imaging plate imaging plate diffractometer imaging plate
wem?t 93.34 6.90 93.34 96.44
transmission factor (max, min) .83
20maddeg 64.0 64.0 55.0 64.0
total reflcn 6427 6561 8504 12477
reflcn used 1205 1257 3448 4554
(30(Fo) < Fo)
scan technique Rw
scan width 1.05+ 0.3tand
scan speed 12
(26/deg mirrt)

. 0.085, 0.076 0.108, 0.104 0.038, 0.038 0.087,0.079
weighting scheme P 1/0? 1/0? 1/0?
GOF 3.84 3.85 4.56 1.14 4.41

crystal with gold conducting paint were used as current and voltage collected by the low-temperature IP system, the crystal structure was

terminals. High pressure measurements were made by using of a clamprefined to the finaR values ofR = 0.087 andR, = 0.079. The final

type cell, where silicone oil (Idemitsu Daphine No. 7373) was used as atomic coordinates are deposited as supporting information.

a pressure medium. The structure determinations of the crystals obtained from the
Structure Determinations. Crystallographic data ofc- and solutions with CuCP~ revealed the existence of the LQl?~ anion.

A-(BETS)FeCl, are collected in Table 2. The room-temperature The stoichiometry of the complex actually is (BEFS),Clg?.3!

structure OfK'(BETS)ZFeCh, was determined on the baSiS Of 998 The temperature dependence of the |att|ce ConstaquETSk_

independent reflectiongRo| > 40|F.|, 20 < 50°) collected on four- FeCl, was determined by using the low-temperature IP system.

circle diffractometer (Rigaku AFC6). Since the accuracy of the final - Oscillation photographs df-(BETS)FeCl were also taken at 36
results seemed somewhat unsatisfactory, the structure was redetermineg, The graphite monochromatized MeKradiation ¢ = 0.7107 A)

by using the 1205 significant reflectiond=f| > 3o|F,|) collected by was used.

using a Welssenberg-type X-ray maging plate (IP) s_ystem. The Attempts to solve the structure of the crystals prepared from the
hydrogen atoms were not included in the least-square refinements. Thesolutions with CoCP~ were made. Owing to the insufficient quality
reliability factors wereR = 0.085 ancRy = 0.076 W= {2FJ/o(Fo)}]. f the crystals, satisfactory full structure refinements could not be
The calculations were performed by using the teXsan crystallographic ;pieved; but the general features of the molecular arrangements could
software package of Molecular Structure Corporafiamd the refine- be derived fairly easily. The stoichiometry of these crystals was

28 i
ment program ANYBLK:® The calculations were also madg On @ determined by electron probe micro analysis (EPMA). The composition
HITAC M-682H computer at the Computer Center of The University ¢ ya other salts was not determined.

of Tokyo using the program Unix |82 The final atomic coordinates,
bond lengths and angles, aRg-F. tables are deposited as supporting
information. The crystal structure was also determined at 10 K. The
1257 independent reflectiongFf| > 30|F,|) collected by a low-
temperature IP system equipped with a closed cycle helium refrigerator
and a rotating anode 18 kW X-ray generator were recently rep#tted.
The final R values wereR = 0.108 andR, = 0.104. The final atomic
coordinates are deposited as supporting information.

The room-temperature structure/o{BETS}FeCl, was determined
on the basis of 3448 independent intensity disl & 30|F,|) collected
by a four-circle diffractometer (Rigaku AFC-7R) with rotating anode.

The ESR spectra of the polycrystalline samples okttendA-phases
of the FeCl salt were obtained using JES FE1X and JESRE3X
spectrometers in the 36@L.5 K temperature range. The spin densities
of FeCl, salts were estimated at room temperature by using strong coal
(JEOL) (1 x 10 spins/g) and CuS£6H,0 as standard materials.

Results

Electrical Resistivity. The resistivity measurements of the
studied compounds confirmed the strong tendency of BETS
The finalR andR, values wereR = 0.038 andR, = 0.038. The atomic molecule to stabilize a metallic state. Almost all these
parameters, bond lengths and angles, Bne F. tables are deposited Compounds exhibit a metal-like behavior down to at least 100
as supporting information. The crystal structure was also determined K. The room temperature conductivities are given in Table 1.
at 10 K. By using 4554 independent reflection&,( > 3o|F.|) In the case of the salts with the FeChnion, two different
crystal forms were obtained, one needle-shaped phase, desig-
natedl-(BETS)FeCl, and one plate-shaped phase, designated

(27) teXsan’ Crystal Structure Analysis Package, Molecular Structure
Corporation (1985 & 1992).

(28) The refinement program ANYBLK was written by Dr. H. Imoto of
the University of Tokyo. (31) X-ray structure determination has revealed that the crystal of

(29) Sakurai, T.; Kobayashi, KRep Inst Phys Chem Rev. 1979 55, (BETSKCw,Clg belongs to the orthorhombic system. The details of the
69. crystal structure and electronic properties will be published in near future.

(30) Kobayashi, A.; Naito, T.; Kobayashi, Hhys Rev. B 1995 51, Very recently Kushsclet al. have found another BETS conductor with
3198. disordered CyClg arrangement.
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k-(BETSpFeCl. The temperature dependence of the resistivity
of these phases is shown in Figure 1.

The temperature-dependent resistivity curvelf@ETS)FeCl, 3
shows a flat maximum around 100 K, and, below this temper- E
ature, the resistivity decreases with decreasing temperature. This
behavior above 10 K resembles those of other superconductors
derived from BETS, such ds(BETS)GaCk®? and1-(BETS)-
GaBrCk.3® By contrast however}-(BETS)FeCl, undergoes
a metal-insulator (MI) transition at aroundy = 8 K. The
resistivity increase belovliy is much larger in the present case
than that observed for the well-known (TMTSK)systems (X
= PR, NO;, ...Y* with Ty, of about 10 K, indicating the opening
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of a larger energy gap in the metal band. The ratip(6 K)/ ; c:3.3 d:4.5
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The resistivity ofk-(BETS)FeCl, monotonously decreases 0 10 20

down to the lowest temperature, 2 K, reachable with our T/K

. . . 4 .
equipment. The ratip(2 K)/p(300 K is about 2« 107 This Figure 3. Temperature-dependent resistivity o{BETS)FeCl at

means that the conductivity O‘f'(BETS)_ZFeCh at 2 K'is as several pressures. The inset shows the pressure dependence of the metal
high as 5x 10° S cnt, one of the highest reported for a jnsylator transition temperatur@y;.

molecular metal. Thus, in-(BETS)FeCl, the presence of the
FeCl~ magnetic anions does not seem to affect the transporthalf of the value at ambient pressure (Figure 2). As was
properties, at least down to 2 K. expected, the small resistivity maximum around 100 K at
The resistivity behavior of-(BETS)FeBr is somewhat ambient pressure is shifted to higher temperature with increasing
sample dependent, and small jumps in the resistivity, probably pressure (ca. 125 K at 1.5 kbar; ca. 175 K at 1.8 kbar) and is
due to cracks in the crystal, occur. A resistivity maximum is completely suppressed at 2 kbar (Figures 2 and 3). The MI
observed around 50 K and, below this temperature, the resistivity transition temperature decreases when increasing the pressure,
decreases very rapidly when lowering the temperature. Similar and the metallic state is stabilized above 3.5 kbar.
resistivity maxima have been observedsitype BEDT-TTF Examinations were also made on théype needle crystal
superconducto?$ and A-type BETS superconducto?33 for with mixed anionsd-(BETSk(FeCl)1-(GaCl)x (x ~ 0.5). As
which the resistivity maxima may be suppressed at high shown in Figure 4, the resistivity exhibits a round maximum
pressure. The smooth resistivity decrease-(BETS)FeCl around 100 K, and a superconducting transition is observed at
together with the smaller anion size of FgCtompared to that 4.6 K. The stoichiometry was determined (on the same needle
of FeBu,~ could suggest that-(BETS)FeCl, can be considered ~ crystal used for the conductivity measurements) by electron

as the high pressure state o{BETS)FeBI;. probe microanalysis (EPMA) and also by X-ray structure
Pressure dependence of the resistivitg-¢BETS)FeCl, was studies. The occupancy probability of the Ga (Fe) atoms was
measured up to 13 kbar. Since the crystal3-BETS)FeCl, refined as a structure parameter using the X-ray intensity data

are very thin needles, the high-pressure experiments requiredcollected on an automated diffractometer (Rigaku AFCS), which
many trials. The room-temperature resistivity decreases quite sShowed that 51% (49%) of anion sites are occupied by &aCl

rapidly up to 2 kbar, where the resistivity becomes less than (FeCL). The EPMA made on ten different points of the needle
crystal suggested a fairly uniform distribution of the mixed

anions. The obtained average atomic ratio were Se:S:Fe:Ga:

(32) Kobayashi, H.; Udagawa, T.; Tomita, H.; Bun, K.; Naito, T.;
Kobayashi, A.Chem Lett 1993 1559. Montogomery, L. K.; Burgin, T.;

Huffmann, J. C.; Ren, C.; Whangbo, M.-Rhysica C1994 219, 490. Cl =9.9:8.0:0.47:0.50:4.0. Thus, the approximate stoichiometry
(33) Kobayashi, H.; Tomita, H., Naito, T.; Tanaka, H.; Kobayashi, A.; was determined as (BETSFeCl)o4dGaChl)osz Which is in
Saito, T.J. Chem Soc, Chem Commun 1995 1225 good agreement with the result of the X-ray structure refinement.

34) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser, . .
U.;(W;ng’ H. H.. Kini, A. M.; Whangbo, M.-HOrganic Superconductors Although these needle crystals were too thin to obtain suf-

Prentice Hall: Englewood Cliffs, NJ 07632, 1992; pp400. ficiently strong X-ray diffraction patterns, a preliminary ex-
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amination of oscillation photographs was made. However no
significant X-ray diffuse scattering providing information on
the disordered anion distribution could be obtained. Considering
the close similarity of the crystal structures and anion sizes of
A-(BETS)FeCl, and A-(BETS)GaCl3? (the average bond
lengths of the anions are 2.18 A €l) and 2.17 A (Ga

Cl)), a random distribution of Feglhnd GaC] in the mixed

Kobayashi et al.

compound seems to be plausible. The resistivity increase below
7 K may be related to the random potential due to the disordered
anions and/or the precursor effect of the reduced MI transition
of the pure FeGl salt. It may be surprising that a clear
superconducting transition is observed in a system containing I
dense disordered magnetic anions, where half of the anion sites

are occupied by Fe¢t anions. However, very recently, Day

et al. have also obtained a clean example of a magnetic

molecular superconductorT{ = 8.5 K) from BEDT-TTF
combined with hexagonal networks of tris(oxalatd}E8

(b)

Figure 6. (a) Molecular arrangement ir(BETS)FeClL. The shortest

The temperature dependences of the resistivities of the crystalsFe-Fe distanced, is 5.878 6,776) A. (b) Mode of intradimer

obtained from the 1,1,2-trichloroethane solutions with WCI
and MnCk?~ exhibit the behavior of a semimetal down to ca.
100 K. Below this temperature, the resistivity increases slowly

in both cases. The observed broad Ml transitions may be just

related to the insufficient quality of the crystals. Owing to the
imperfect crystal quality, further examination could not be
pursued.

molecular overlap.

Crystal and Electronic Band Structures

The structures of crystals prepared from solutions containing
FeClL~ and CoCJ?~ were determined.

(1) k-(BETS),FeCls. The plate-shaped crystals of this phase
belong to the orthorhombic systdfmma The lattice constants

The temperature dependences of the resistivities of the plateat 298 and 10 K are given in Table 2. The structure is nearly

crystals prepared from the solutions containing Ni(&Ngand
NiBr4>~ anions were very weaks(300 K)/jp(4 K) = /3(Ni-
(CN)g), 2.5(NiBry). Since the quality of these crystals was very

isomorphous to that of the well-knowtype organic super-
conductors, such as(BEDT-TTFLCU[N(CN)]X (X = Cl, Br),
with the same space groupnma3* The 10 K structure is

poor, the sluggish temperature dependence of the resistivity of€ssentially the same as the room-temperature structure. The

these salts is not intrinsic. The salts with the C@Cland
CwClg® 3! anions remain metallic down to 4.2 K. The
resistivities decrease monotonously with lowering temperature.
The resistance ratio @f(300 K)/o(4 K) was about 20 for both
salts.

The crystals grown from the solutions with MnBr and
CuBr2~ showed fairly sharp Ml transitions at ca. 70 and 55 K,
respectively. The activation energy of the insulating state
around 25 K is 0.0036 eV (MnBy and 0.0044 eV (CuBy.
The resistivity of the latter (CuBy crystal saturates below 20
K, indicating a semimetallic ground state.

unit cell and the molecular arrangementefBETS)FeCl, are
shown in Figures 5 and 6. One BETS molecule and one-half
of the FeC}~ anion are crystallographically independent. The
FeCL~ anion is on a mirror plane. The bond lengths of three
independent FeCl bonds (hereafter, the italic values in
parentheses indicates those of the 10 K structure) are 2.178
(2.199), 2.168 .205), and 2.1662.179 A (see Table 3). The
average FeCl bond length at 298 K (2.171 A) is 0.023 A
shorter than that at 10 K2(194 A), indicating an apparent
shortening due to thermal motion. The shortest4Fe distance

is 5.822 6.776) A. The BETS molecules form dimers with an
arrangement of those dimers identical to that of a typieigie

It can be here concluded that many organic metals derived structure3* The intradimer BETS-BETS distance is 3.471

from BETS with various M complex anions of transition
metal ions with odd numbers of 3d electrdrGL?(d°), Co?t-
(d"), Mn?T(d®), Fe"(d®)} can be prepared. Except for the
systems with MAt+ ions, all these complexes retain a metallic
(or semimetallic) state down to low temperature.

(3.389 A. The mode of intermolecular overlap is that of “ring-
double bond” type (Figure 6b). The dihedral angle between
neighboring dimers is 77.76.0)°. The shortest SeSe, Se-S,

and S--S distances are 3.728.674), 3.615 8.536) and 3.347
(3.297) A, respectively. The aniorBETS contact is not so
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Table 3. Selected Bond Lengths (A) and Angles (deg) of
k-(BEDT-TTF)FeCl and A-(BETS)FeCl, at Room Temperature

a.«-(BEDT-TTF)FeCl,

Set-Cl 1.94(2) Se4C6 1.89(2) S3C9 1.77(2)
Se2-C1 1.78(2) S¥C3 1.69(2) S4C10 1.87(3)
Se3-C2 1.90(2) S2C4 1.76(2) CxC2 1.31(3)
Se4-C2 1.88(2) STC7 181(3) C3C4 1.35(3)
Sel-C3 1.84(2) S2C8 168(3) C5C6 1.23(3)
Se2-C4 1.90(2) S3C5 1.87(2) C7#C8 1.59(4)
Se3-C5 1.91(2) S4C6 1.68(2) C9CI0 1.52(4)
Fel-Cl1 2.178(9) Fe:Cl2 2.168(13) FeiCI3 2.166(10)
Sel-Cl1-Se2 113.8(11)  Se4C2-C1 119.3(14)
Se3-C2-Se4 112.1(9) C4C3-S1 124(2)
C1-Se1-C3 93.7(9) C3-C4-S2 128(2)
C1-Se2-C4 94.6(9) C6-C5-S3 126(2)
C2-Se3-C5 90.0(8) C5-C6-S4 132(2)
C2-Se4-C6 96.9(8) C3-S1-C7 107.1(12)
Set-C1-C2 118.5(15)  C4S2-C8 101.7(13)
Se2-C1-C2 128(2) C5-S3-C9 101.9(10)
Sel-C3-C4 118(2) C6-S4-C10 100.9(11)
Se2-C4-C3 119(2) St C7-C8 118(12)
Se3-C5-C6 128(12) S2C8-C7 110(2)
Se4-C6-C5 112.8(15)  S3C9-C10 114(2)
Se3-C2-C1 128.6(15)  S4C10-C9 110(2)
Cll-Fel-Cl12  110.3(3) Cl2-Fel-CI3  113.5(4)
Cl1-Fel-CI3 109.4(4) Clt-Fel-CI2 107.1(4)
A-(BETS)FeCl
Set-C1 1.894(8) S:C2 1.731(8) S8Cl18  1.731(7)
Sel-C2 1.896(8) S+C4 1.77(1) S8C20  1.82(1)
Se2-C1  1.862(9) S2C3  1.734(8) C:C6  1.348(9)
Se2-C3 1.883(6) S2C5 1.76(1) C2C3  1.35(1)
Se3-C6 1.880(9) S3C7 1.740(8) C4C5  1.34(2)
Se3-C7 1.896(7) S3C9 1.816(8) C#C8  1.34(1)
Se4-C6 1.882(7) S4C8  1.734(8) C9CI10  1.48(1)
Se4-C8 1.893(8) S4C10 1.81(1) C11C16 1.344(9)
Se5-C11 1.884(8) S5C12 1.734(8) Cl12C13 1.33(1)
Se5-C12 1.891(8) S5C14 1.78(1) C14C15 1.44(2)
Se6-C11 1.895(8) S6C13 1.748(8) C17C18 1.35(1)
Se6-C13 1.891(7) S6C15 1.77(1) C19C20 1.50(1)
Se7-C16 1.865(8) S7C17 1.742(8) FeiCl2 2.186(3)
Se7-C17 1.884(7) S#C19 1.83(1) Fe%CI3 2.179(3)
Se8-C16 1.881(8) FeiCll 2.174(3) FeiCl4 2.193(3)
Se8-C18 1.888(7)
C1-Set-C2 93.5(3) SetC2-C3 118.6(5)
C1-Se2-C3 94.5(3) StC2-C3 129.6(6)
C6—Se3-C7 93.9(3) Se2C3—-S2 114.4(4)
C6-Se4-C8 94.3(3) Se2C3-C2 118.6(5)
C11-Se5-C12 94.4(3) S2C3-C2 127.0(5)
C11-Se6-C13 93.7(3) S1C4-C5 123.7(8)
C16-Se7-C17 93.1(3) S2C5-C4 123.8(9)
C16-Se8-C18 93.0(3) Se3C6-Sed 114.4(3)
Cl1-Fel-CI2 108.8(1) Se3C6-C1 123.0(6)
Cl1—Fe1-CI3 112.7(1) Se4C6-C1 122.6(7)
Cl1—-Fel-Cl4 109.2(1) Se3C7-S3 111.4(5)
Cl2—Fe1-CI3 109.2(1) Se3C7-C8 119.1(5)
Cl2—Fel-Cl4 107.7(1) S3C7-C8 129.3(5)
Cl3—Fe1-Cl4 109.0(1) Se4C8-S4 114.6(5)
C2-S1-C4 101.3(5) Se4C8-C7 118.3(5)
C3-S2-C5 102.7(3)  S4C8-C7 127.1(6)
C7-S3-C9 102.5(4)  S3C9-C10 113.8(5)
C8-S4-C10 100.0(4)  S4C10-C9 113.8(7)
C12-S5-C14 103.4(5)  Se5C11-Se6 113.6(3)
C13-S6-C15 99.8(5)  Se5C11-C16  122.8(6)
C17-S7-C19 95.2(4)  SeC11-C16  123.6(6)
C18-S8-C20 105.1(4)  Se5C12-S5 113.0(5)
Sel-Cl-Se2 114.8(3)  Se5C12-C13  118.5(5)
Sel-C1-C6 120.6(7)  S5C12-C13 128.5(6)
Se2-C1-C6 124.6(6)  Se6C13-S6 113.6(5)
Sel-C2-S1 111.8(5)  Se6C13-C12  119.5(5)
S6-C13-ClI2 126.9(6)  Se7C16-Se8 115.9(3)
S5-C14-Cl5 120.3(7)  Se?C16-C1l1  122.1(6)
S6-C15-Cl4 116.4(9) Se8C16-C11 121.9(6)
Se7-C17-S7 118.6(5)  Se?C17-C18  119.3(5)
S7-C17-C18 121.8(5)  Se8C18-S8 115.5(5)
Se8-C18-C17 118.6(5) S8C18-C17 125.9(5)
S7-C19-C20 112.5(8) S8C20-C19 114.5(6)
ax, —y+ 1, z
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A 64.37 (x103)
B 32.76
c -16.93
D 9.08

Figure 7. Intermolecular overlap integrals of the HOMO of BETS in
k-(BETS)FeCl.

Energy

Figure 8. Band structure and Fermi surface o{BETS)FeCl.

Table 4. The ¢ Exponent and the lonization Potential (eV) for the
Atomic Orbitals

Se S C H

4s 2.112-20.0 3s 2.122-20.0 2s 1.625-21.4 1s 1.0—-13.6
3p 1.827 —11.0 3p 1.825—-11.0 2p 1.625-11.4
4d 1500 —-6.8 3d 1.5 —5.44

tight. The shortest &Cl distance is 3.5353506) A but there
is no short CI--Se contact.

Since ac-type molecular arrangement is considered to be one
of the most adequate structure for orgamicmolecules to
construct a stable metallic state, it seems quite natural that
k-(BETS)FeCl, retains a metallic state down to the low
temperaturex2 K). «-(BETS)yFeCl, is the first characterized
k-type organic metal in whichr conduction electrons and
periodically arrayed magnetic ions coexist at very low temper-
ature.

The extended Fekel tight-binding band calculation was made
on the basis of the room temperature structure. The intermo-
lecular overlap integrals of the highest occupied molecular
orbitals (HOMO) of the BETS molecules, from which the
conduction band is formed, are given in Figure 7. Slater type
atomic orbitals were used. The exponeftand ionization
potentials (eV) of the atomic orbitals are given in Table 4. As
in otherk-type salts, there are four energy branches (Figure 8),
which are separated by a mid-gap into two upper and two lower
branches. A 2D Fermi surface is obtained. Owing tcetigtide
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Figure 9. Temperature dependence of the lattice constants of

J-(BETS)FeCl, The collection of the X-ray intensity data was attempted by using

a four-circle diffractometer (Rigaku AFC5), but the obtained
intensity data were too unreliable. The extinction rules expected
from X-ray photographs could not be observed. Since the IP
system is considered to be less sensitive to the crystal quality,
the data collection was again carried out with this equipment.
The crystal data are orthorhombic, space gréupng a =
11.711(6) Ab = 35.636(17)c = 8.425(4),V = 3516 A3, and

Z = 2 (BETSCoCl(1,1,2-trichloroethane)). The unit cell
volume is smaller than the cell volume of(BETS)FeCl, at
room temperature (35693f\but larger than that at 10 K (3438
A3). Intensity data barely usable for the structure determination
were obtained. However, the structure refinement gavtyae
arrangement of the BETS molecules, but the atomic positions
of the anion were heavily disordered and the occupancy
probability of the Co atom became very small. At this stage,
an electron probe microanalysis (EPMA) was performed on the
crystal used in the X-ray data collection and resistivity measure-
ments. The observed atomic ratio was Co:Cl:S&:3.:7.3:
16.7:17.4. Consequently, the approximate stoichiometry of the
CoCl, salt can be estimated as (BEF&)oCL)(CHsCls) (the
corresponding calculated atomic ratio is Co:Cl:Se:3:7:16:

16). Thus, the CoGlsalt of BETS probably is a 4:1 complex,
and only half of the anion sites of itg-type structure are
occupied by CoGPF~ anions, whereas the vacant sites are

Figure 10. Crystal structure of-(BETS)FeClL. The short Gk-S- occupied by 1,1,2-trichloroethane molecules (TCE; crystal
(Se) contacts aredi(Cl-+-Se) = 3.528 B.467), dy(Cl-+-S) = 3.417 solvent). Since CoGl is a dianion, the expected band structure
(3.387), d3(Cl-++S) = 3.642 3.554), ds(Cl-+-S) = 3.648 @.518), ds- of k-(BETS)(CoCL)(CzHsCls) becomes essentially similar to
(Cl-+-S) = 3.674 3.539 A. that of«-(BETS)FeCl, and the metallic nature of this salt may

be now understood. The heavily disordered arrangement of the
symmetry, the band energies are doubly degenerated at the zonanions and crystal solvent molecules are probably responsible
boundary XV (Figure 8). Therefore, the neighboring 2D Fermi for the poor quality of the crystal. Further structure refinement
surfaces are connected at the zone boundary. was not made.

(2) The CoCly Salt. The plate-shaped crystals of the CpCl (3) 4-(BETS),FeCls. The structure was determined at 298
salt exhibit a metal-like behavior down to 4.2 K. X-ray and 10 K. The crystal has a triclinic unit cell with space group
photographs indicated that the crystal is isostructural to P1. The lattice constants at 298 and 10 K are given in Table
k-(BETSkFeCl. Unlike the F&" ion, the C8" ion has a @ 2. The temperature dependence of the lattice constants is shown
electronic state, and the formal charge of the correspondingin Figure 9. The average thermal expansion coefficients are
CoCl2~ anion is 2-. Considering the existence of the mid- (1/a)(Aa/AT) = —6.5 x 107K, (1/b)(Ab/AT) = —3.8 x 1079/
gap in the energy band calculated fe#BETS)FeCl, and K, (Uc)(AC/AT) = —3.9 x 1079K. The crystal structure is
assuming a similar band structure for the supposedly isostruc-shown in Figure 10. Two BETS molecules and one EeCl
tural k-(BETS)CoCl, then the CoGlsalt should be semicon-  anion are crystallographically independent. The BETS mol-
ductive. The experimentally observed metal-like behavior of ecules are stacked along theaxis. It may be interesting to
the CoC]} salt is clearly contradictory. Therefore, preparation note that the crystal has the largest expansion coefficient along
of new samples of this compound was repeated many times,the molecular stacking direction. The €l bond lengths
but in all cases only very poor quality crystals could be obtained. (hereafter, the italic values in parentheses indicates those of the
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Figure 12. Molecular arrangement id-(BETSyFeCl. The short
Fe--Fe distances ard; = 6.593 6.256) andd, = 7.633 {7.527) A.
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W% B 37.1 30.2 Figure 14. Band structure and Fermi surface o{BETS)FeCl.
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(%;0@( p 07 0.3 Recently, Brossardt al. have observed Shubnikede Haas

I q)c%e\&@ q -15.2 -18.9 oscillations &2 K in 1-(BETS)FeCl, suggesting a small 2D

Q@ o, " r ggg f;g closed Fermi surface with an area of about 2% of Brillouin

%%p % i 3.0 33 zone® Such a small 2D Fermi surfaces is not in agreement
@ &tﬁc ; - with the tight-binding band derived from the 10 K structure.

The possibility of the doubling of the lattice constaritas been

suggeste® because a twofold structure would produce a very
Figure 13. Intermolecular overlap integrals of the HOMO of BETS small closed orbit required by the magnetoresistance experi-
in 2-(BETS)FeCl. ments. In order to check this assumption, oscillation photo-

10 K structure) are 2.17£2(184), 2.186 £.191). 2.179 2.199). graphs were takeq aroun'd the needle axis of the crygte)l o
2 1938220; A)(see Table(3) 4)The aveQrage]?Fél bondQIeng)th down to 9 K. Besides faint peaks observed at the middle of
at 10 K 2.195A) is 0.012 A longer than the room temperature th(caj_la_yer If|nes, Vr\:h'Ch ser(]a_med to behthe reflectlonslofﬂhme
value (2.183 A). Small temperature changes in the bond Iengthsra lation from the graphite monochromator, no clear extra
are indicative of small thermal motion ih-(BETS)FeCl, at reflections could be detected. The I.attlc_:e_perlodlcntyvas
room temperature, which is consistent with the close amion unchanged, at least down to 9 K, which is just abdyg for

BETS contacts which will be discussed below. The modes of l-(BETSkFeCh.. This also indicgtes f[hat the MI transition in
intermolecular overlaps are shown in Figure 11. The intermo- l%]SBEtT?)iEeC% IS ?Ot allccr?mpa}[nled .\;\."th any marked precursor
lecular distances along the stack are fairly large. The shortest®!€ct Of the structural pnase transition.

intermolecular distance (3.683.600 A), which is found . ‘ q |
between molecules A and B (see Figures 9 and 10), is longer ESR Properties ofi- and k-(BETS)FeCly

than the intradimer distance (3.742.389 A) observed in We have previously reported, with some inaccuracies, the
k-(BETShFeCk. The six-membered rings of molecule B are ggR properties of- andx-(BETS)FeCL.36 The ESR intensi-
strongly pent from the molecular plane to accommoda’ge the ties of polycrystalline samples af and«-(BETS)FeCl, were
FeCl~ anions. There are many short G5(Se) contacts, which  measured again at room temperature on three independent
are given in Figure 10dg, dy, ..., ds). As mentioned above, samples, using strong coal {1106 spins/g) and CuS£5H,0
there is only one Ct-S contact ink-(BETS)FeCl, which is as standard materials. The estimated spin density is 5.@&*
shorter than the corresponding van der Waals contact. There'spins/mol forA-(BETSpFeCl and 2.6 x 10?4 spins/mol for
fore, stronger interactions are expected #{BETSpFeCl «-(BETS)FeCL.36 According to Kajitaet al., the spin suscep-
betweenr conduction electrons and ¥e3d electrons, which tibility of a-(BETS)ls, which undergoes a Ml transition around
may be mediated by the halogen atoms of Redlhe shortest 45 K, is about 2.0« 107 emu/g at room temperatu?é. This
Fe-Fe distance (6.59%(256) A) in A-(BETSkFeCl is longer value corresponds to the spin susceptibility of a system with
than that ink-(BETSkFeCl (Figure 12). 1.2 x 10% localized spins/mol$ = 1/2). Assuming that the
The intermolecular overlap integrals of the HOMO of the gpin susceptibility of ther conduction electrons id- and
BETS molecules were calculated on the basis of both the 298K-(BETS)ZFeCh is of the same order of magnitude as in
and 10 K structures (Figure 13). The extended Huckel tight- o (BETS)l5, then the contribution of these conduction
binding band calculation yields a 2D closed Fermi surface with gjectrons to the total spin density in bdthand«-(BETS)FeCl
23% of the Brillouin zone and a corrugated extended Fermi cgn pe neglected. The spin density corresponding to a low-
surface (Figure 14). Although systematic temperature-depend-
ent changes in the overlap integrals are hardly observed, the (35)Brossard, L., personal communication.

; (36) Kobayashi, H.; Tomita, H.; Udagawa, T.; Naito, T.; Kobayashi, A.
gap between the two types of Fermi surfaces becomes very Smal%ynth Met 1995 70, 867. In this preliminary work, the spin density of

at 10 K. This suggests the system to be more typically 2D at , (BeTS),FeCl was incorrectly estimated at 753 10% spins/mol.
low temperatures. (37) Kajita, K., private communications.
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and line widths at room temperature were= 2.030 &), 2.048

A | (A); AH = 453 G (), 226 G ¢). Theg-value ofk-type salt is

o 08 et C . A\E e % smaller than that of-type salt but a little larger than tlgevalue
= 2.07 ¥ °. A%/ 1280 . of powder sample of [EBN]FeCl, (2.025) measured at room

= . ., pp } 9 temperature. The line width of-(BETS)FeCl, is half of

206 Teeee . . 240 & k-(BETS)FeCl but twice the line width of [EiN]FeCl, (133

cer -D_)—Tzoo E G at 298 K). Theg-values of both thé- and«-(BETS)FeCl,

t P salts show a maximum at50 K, whereg = 2.09 ¢&) and 2.06

T/K

(k). The intensities were roughly estimated by the simple
relation,| = K(AH)3(Ah), whereAh andAH are the (maximurm
minimum) difference of the ESR signal and the line width,
respectively, an& is a constant. The accurate estimation of

Ho (or y) was difficult in the high temperature region, where the
J signals are quite small. The separation of the contributions from
e Fe ions andr metal electrons was not tried in the present study.
200 300 Clear Curie-Weiss behaviorsy{= C/(T + 6), 6 = 15 K (1),

8.5 K ()] were observed below 100 K, indicating an antifer-

Figure 15. g-Value and peak-to-peak line width and derived intensity romagnetic interaction between the®Féons. Since the A/B

(spin susceptibility) of the ESR signal @#f(BETS)FeCl.

values are large at low temperature, the ESR intensities tends
to be lowered. Consequently, the magnitude Gowill be

2.06% . 1600 underestimated. Anyway the comparatively largeralue for
o 205 ° Y . 1ss0 & A-(BETS)FeCl, is consistent with the closer GIS(Se) contacts
= 7 e Tee e B observed in this compound. In bofh and «-salts, the spin
> 204p - - e o> 100 5 susceptibilities tend to be temperature-independent at high
% 203 ¢ 3450 temperatures. It may be possible that the constant Pauli
Jool e 1.5 paramagnetism of the metal electrons contributes to produce
—* 1.4 such a small temperature dependence at high temperatures. The
et S Lo 13 f\g ESR signal obtained around room temperature were too weak
—~ I ? 112 to estimate the constant term of the susceptibility.
E o o -l The «-(BETS)hFeCl, salt showed a smooth temperature
0sf et change of the spin susceptibility down to 5 K, but the spin
-8.5 K,.-" susceptibility ofA-(BETSyFeClL shows a sharp peak at 8 K,
0 I . ‘ ] which means that the Ml transition observed at this temperature
0 100 200 300 for this compound is not a simple Ml transition. The condensa-

T/K tion of ther conduction electrons and a magnetic transition of
Figure 16. g-Value and peak-to-peak line width, and derived intensity the anion sites seem to simultaneously take place. The fairly
(spin susceptibility) of the ESR signal e#(BETS)FeCl. sharp drop of the susceptibility b&lo8 K could suggest a

spin S = 1/2) Fé* ion is 6.0 x 10% spins/mol, whereas the ~nonmagnetic ground stat®. In contrast to the sharp Ml
spin density corresponding to a high-sp8& 5/2) Fé' ion is transition, the change of the line shape of the ESR signal around
7.0 x 10% spins/mol. The value of the spin density determined 8 K is not so pronounced.

for A-(BETS)FeCl (5.4 x 10?% clearly indicates that in this A very unusual magnetic field dependence of the MI
compound the F& ion is in a high spin state. On the other transition of :-(BETS)FeCl, has been recently reported (see
hand, the spin density of-(BETS)FeCl, (2.6 x 10* spins/ the inset of Figure 173940 Contrary to the hitherto reported
mol) is four times larger than the expected spin density for a magnetic effect on the metal instability of organic systems
low-spin state F¥ ion, but only 40% of that of a high-spin  (FISDW state of TMTSF salts}} the metallic state of
state F&" ion. It has been frequently observed that the observed J-(BETS)FeCl is stabilized at high magnetic field-@ T). At

spin density in highly conductive materials is strongly under- the present stage, some plausible mechanisms may be imagined
estimated because of the insufficient penetration of the micro- for the stabilization of the metallic state under high magnetic
wave into the crystalline samples. This may explain the field. Since the prominent features of the magnetic properties
somewhat smaller and (more sample-deperfflevitlue of the  of 1-(BETS)FeCl, are the large paramagnetism of the metallic
spin density obtained for the plate-shaped crystais(@&ETS)- state due to the high-spin state of théFen and the small
_FeCI4, compared to that obtained for the relatively less conduct- susceptibility of the insulating state, it may be not surprising
ing, very thin needle-shaped crystalsteBETSpFeClL. Thus,  that a high magnetic field may favor the metallic state. The
it may be safely concluded that, asif(BETS)pFeCl, the F&* metal-insulator phase boundary is determined by the equation,
ion in k-(BETSkFeCl probably is in a high-spin state. Fum(T,H) = F(T,H), whereFy andF, are the free energy of

_ The temperature dependencies of the intensity (Spin Suscepthe metallic and insulating states, respectively. The free energy
tibility), g-values, and the peak-to-peak line widths determined change induced by the magnetic field can be roughly estimated
from the ESR spectra of polycrystalline samplesiefand from the simple relationAF = —yHZ2. At the critical

x-(BETS)FeCl, are shown in Figures 15 and 16. The spectra (emperaturer,, the susceptibility of the metallic phasgy is

were not symmetric, suggesting the contribution from Dysonian

spectra. Therefore, the temperature dependence of the A/B (38) Static magnetic susceptibility measurements on polycrystalline

values (see Figure 15) were also presented. The A/B value ofsar}?ples ofl-(BETShFeCl é:lt low rr%a?(netic fie’I\c/JIIs seems t? be consistent
_ _ with a nonmagnetic ground state: Tokumoto, M., personal communication.

k-(BETSpFeCl was larger than that of (BETS)ZF.eCh and (39) Goze, F.; Laukhin, V. N.; Brossard, L.; Audouard, A.; Ulmet, J.

was enhanced greatly at low temperature. But in the case ofp - ‘Askenazy, S'; Naito, T.; Kobayashi, H.; Kobayashi, A.; Tokumoto, M.;

A-(BETS)FeCl, it decreased sharply beloly,. Theg-values Cassoux, PEurophys Lett 1994 28, 427.




(BETS)MX,4 Conductors with Magnetic Anions
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Figure 17. Schematic drawing of the susceptibility curves of
A-(BETS)FeCl around 8 K. The inset is the magnetic field dependence
of Tw reported by Gozet al.3°

equal to that of the insulating phagg(T. = Tw at H= 0, see
Figure 17). BelowT,, the difference betweepy andy; will

increase with decreasing temperature. When neglecting the spin  Supporting Information Available:

susceptibility of the insulating state), AF may be roughly
estimated to be about 2.5 K per FgGhit at 10 T, which seems

J. Am. Chem. Soc., Vol. 118, No. 2, 13Bb

Thei-(BETS)FeCl, system has electronicallyr conduction
electrons) and magnetically (Fespins) active parts, whose
cooperation makes the phase transition a very unusual one. It
may be of special interest that the paramagnetic¢ Bpin state
is recovered under high magnetic fields. Strong magnetic field
will tend to limit the freedom of spins, leading to another,
previously proposetf*fascinating possibility, a metallic state
with ferromagnetically aligned magnetic moments, which also
clearly deserves further studies.

In contrast to the case af(BETS)FeCl, it is clear that the
large spin freedom ir-(BETS)FeCl, is maintained even at 2
K, where the system still exhibits a high conductivity. In this
case also, additional electric and magnetic studies at lower
temperature are needed.
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Tables of atomic
parameters, crystal data, experimental details, bond lengths and
angles, intermolecular short contacts, and atomic coordinates

to be large enough to have a strong effect on the phase diagramat 10 K, forx- andA-(BETS)FeCl, (32 pages); tables df,—

Since the Ml transition is fairly sharp, theelectron system
must be subjected to an additional periodic potential béligwy

which is large enough to suppress the Fermi surface. Observa

tion of the oscillatory magnetoresistance, probably indicating
the existence of a very small closed Fermi surfécand the
strong decrease of the static magnetic susceptibility ardufd

journal, can be ordered from the ACS, and can be downloaded
from the Internet; see any current masthead page for ordering

F. at 298 K (32 pages); listing of structure factors (28 pages).

This material is contained in many libraries on microfiche,

immediately follows this article in the microfilm version of the

information and Internet access instructions.

seem to suggest the existence of a honmagnetic ground statdA9523350

with a periodically modulated lattice. However, much works

will be required to clarify the nature of the ground state of po

A-(BETS)FeCl,.
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