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Now, many organic conductors as well as Mott insulators based

on radical cation or anion salts have been obtaineld.is,
however, usually difficult to control further the filling of the
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[ref 5] is different from the known structure of ET cation radical
salt with divalent metalatMCl,>~ ((ET)3(MClg)2, M = Mn, Zn)®

but appears rather similar to the monovalent salt (§8MCl,),

M = Fe, Ga)] although the ratio of donor to anion is estimated
to bey ~ 3.6 by the elemental analysis and ICP anal§si®n

the basis of the value gf= 3.6, a valence of ET is estimated to
be+0.56. Thus, the filling of the ETr band is perhaps close to
3/, and likely causes the Mott-insulating state in the dimerized
lattice. The cell parameters of the Fe-doped crystal ((ET)
[(MNnCl,);—x(FeCl),], x = 0.05 batch) was resolved as follows:
a=3433Ab=1447Ac=6.68A 0a=p=y=190.00.

For the Fe-doped crystal (e.g.= 0.06), the change of the band
filling or the ET molecular valence is about 0.02. By consider-
ation of the cell parameters, the crystal structure of Fe-doped salt
is assigned as being almost identical with that of Mn-pure salt.
From the Patterson method analysis of the X-ray diffraction data
of the Fe-doped crystal, we can predict that ET cation radicals
are aligned along thke axis a with columnar structure as shown
in the inset of Figure 2. Anions are expected to be located

conduction electron band or the effective valence because ofetween donor columns. Furthermore, the cell constants of Zn-
extreme sensitivity of the crystal structure to substituents or pure salt (ETZnCL) and Ga-doped salt((EJIZnCly); (GaCh),
interstitial dopants. In other words, a modification of counter- , — 0.04) were determined to be nearly the same as those of
anions or cations usually results in a change of crystal structure Mn-pure or Fe-doped salt. Thus, all the neat and alloyed systems,
which does not enable one to investigate the physical pmperties(ET)y[(MnCI42‘)1,X(FeCLr)X], and (ET)[(ZnCl27)1(GaCl),

of the salt systematically. Nevertheless, chemical control of band investigated in this study form the isostructural family. The two
filling may be effeptive for obtaining molecular conductors as in  tasted series of mixed crystals, (E[(MNCI27); (FeCl),] and
many doped Mott insulators such as hiheuprate superconduc- (ET)[(ZNCl2"); (GaCl),], are respectively characterized by
tors? To control the band filling in a conducting system which magnetic §Mn2+) = SFe) = 5,) and nonmagneticZn2")
consists of donar molecules, an alloyed-anion system containing — SG&*) = 0) anions.

two kinds of negative charge is needed. With this background
in mind, we adopted a mixture of tetrachlorometald#C{,"")
as counteranions of BEDT-TTF (ET, BEDT-TTFE bis(ethyl-

The temperature dependence of resistivity measured along the
stacking axis i axis) is shown in Figure 1 for those neat and
-~ ; ) . < alloyed anion compounds. The crystal which includes only
enedithio)tetrathiafulvalene) radical cation salts ((EWMCl2 )1 divalent anions, Zn-pure salt ((§{ZnCl)), shows insulating

(M'Cly7),J, M2"= Mn?" or Zr?*, M'*" = Fe*" or G&") to realize behavior withp, (room temperature resistivityy 10—50 Qcm
a c.arn.er-doped magnetic molecular system. Crystals qf TTF andE, (activation energy}= 0.037 eV. However, once a slight
derivatives with magnetic tetrahalogenometalate counteranions aré,mqynt of monovalent Gaglis doped to the crystal as in a form

of current interest since the family is producing novel magnetic s (ET)I(ZNCly)1 (GaCk), the crystal shows low resistivity such

molecular conductor$,and the present system is one such aspy = 0.1Qcm and metallic behavior around room temperature
example. The valence of tetrachlorometalate depends on asq shown in Figure 1a. From measurements of the magnetic

valence of positively charged central metad)( Monovalent susceptibility of the Ga-doped salts, it was found that the salt
anions (e.g., Gagl and FeCJ’) and divalent anions (e.g., Zn€l has constant positive susceptibility € 9 x 1074 emumol)

and MnC}?") are of the almost same size, being favorable for penyeen room temperature and 100 K(Figure 2), being reminiscent
making an alloy system. In addition, since the metals are wrapped ¢ pali paramagnetism. The crystals of Fe-doped salts,

by chlorine atoms, randomness due to the difference of Valence(ET)y[(MnCI4)1,X(FeCk)X] also have low resistivityd, = 5—0.02
can be smaller than in the case of an uncovered metal cation. Qcm), and some crystéls remain metallic down to 4.2 K. while

Single crys;als_of cation ra(_JIicaI salts were prepare_d by the {he parent (undoped) crystal of (EMNCl, shows insulating
electrocrystallization and obtained as very fine brownish-black panavior withp, = 15 Qem andE, = 0.037 eV (Figure 1b). The

peedlgs. The ratio dfl:M' in each batch was estimated by using crystals of Ga-doped and Fe-doped salts thus show drastic
inductively coupled plasma mass spectrometry (ICR)d the reduction of the resistivity as compared with those of Zn-pure
cell parameters of each crystal were determined by X-ray (4) There are some scatteAX < 0.005) for each crystal in a batch.

crystallographic analysis with the use of an image plate (IP) gajvanostatic electrocrystallization of ET was performed in acetonitrile using
system. The crystal structure of the end material, ((MACl,) Pt electrodes in the presence of a mixture ofg4MCl, and EsNM'Cl, as

a supporting electrolyte. The ratio 8:M' of obtained single crystals was
not equal to that of the electrolyte. Actual dopakt'€ls) concentration in
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Figure 1. (a) Temperature dependence of the resistivity for

(ET)[(ZnCls)1-x(GaCl)y]. The inset depicts a schematic crystal structure
judged from the X-ray diffraction data. (b) Temperature dependence of
the resistivity for (ET)[(MNCl4)1-x(FeCl),]. The measurements were done
by a four-probe method.

and Mn-pure salts, perhaps owing to a small amount (6-005
0.04 in molar fraction) of monovalent anions as dopants. In the
case of the'-(BEDT-TTF),Cu,(CN); crystal, it is suggested that

a superconductivity is realized by carrier doping into the Mott
insulator that arises from minute disproportionation of the valence
of the Cu ion (Cd/Cu?*).2% Such band filling control is likely
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Figure 2. TheyT vsT plot of (ET)[(MCls)1-x(M'Cls)y. The experimental
data are represented by open circles ((EMnCls)1-x(FeCl)y]), solid
circles ((ET}MnCly)), and solid squares ((Ef{ZnCls)1-x(GaCl)y]). The
calculated curves using the formuja= Clt - 4 + ypauiare depicted by
broken lines. The parameters for the calculations are as follows: (a)
(ETHI(MNCl4)1-x(FeCl)y] (x = 0.03);C = 3.35 emuK-mol™%, 6 = 2 K,
ypaui = 6.5 x 1072 emumol=L. (b) (ET)(MnCls) (Mn-pure);C = 4.45
emuK-mol™, 8 = =3 K: (c) (ET)I(MnCl4)1-x(FeCl),] (x = 0.005);C
= 0 emuK:mol™, 8 = 0 K, ypaui = 1.4 x 1072 emumol™. (d)
(ETH[(MNCl4)1-x(FeCl)y] (x = 0.06);C = 2.05 emuK-mol™%, 6 = —10
K, xpaui = 4.0 x 1073 emumol=%. (e) (ET)[(MNCls)1-«(FeCh)y (x =
0.04);C = 0.7 emuK-mol, 8 = 15 K, ypaui= 6.2 x 10~ emumol=1.
(f) (ET)[(ZnCls)1-x(GaCl)y (x = 0.02);C = 0 emuK-mol™%, 6 = 0 K,
ypaui = 9 x 1074 emumol1L.

localized spin on MA/FeH(S= 55,). In addition, thepay;values

are always larger than the ordinary metallic ET cation radical
salt!! Further, in the case of the batch where 0.005 (metallic
down to 4.2 K, curve in Figure 2), there seems to be no Curie
term at the temperatures between 150 and 330 K, and in the low-
temperature region, thgT value increases with decreasing
temperatures. Judging from the reduc@dalue and enhanced
xpauii Value, we can expect that tlieelectrons on the anion do
not behave with completely localized spins but participate in
composing the states near the Fermi level as well as ther ET
electrons? This suggests also the partial electron transfer
between donor and anion in the doped crystal. The electron
transfer may be explained by a consideration of the near valence
degeneracy of tetrachlorometalate ions such as

ET" + [Mn"Cl]* =ET°+ [Mn"CI,]”

ET°+ [F€"Cl)” =ET" +[Fe'Cl,)*

realized also in the present alloyed-anion systems and drives the

insulator to metal transition.

The temperature dependence of the magnetic susceptibility of

the Mn—Fe system (Figure 2) was unconventional as magnetic
molecular solids. ThgT vsT curve of the Mn-pure crystal obeys
the Curie-Weiss law, indicating the presence 8f= % local

Such a mixed valence nature indicates, in turn, the strong
coupling between donors) and anionsd) in the crystal. Thus,
the band filling control in the ET system with magnetic coun-
teranions gives rise to a novel metallic conduction band which is

spins with weak anitiferromagnetic interaction (Weiss temperature C0mMposed not only of-electron but also ofi-electron states.

6 = —3 K). By contrast, the curve for the Fe-doped salt crystals
can be viewed as the overlap of the Curi&eiss and Pauli-like
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