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The electrical conductivity and the ESR spectra of the single crystal of (BEDT-TTF);Ni(CN)s complex were
measured. This crystal exhibits a metal-insulator transition at 160 K. The ESR signals show the presence of the
[Ni"'(CN)4]~ anion in addition to the BEDT-TTF cation radical. The spin concentration of Ni(III) ion was
estimated to be 0.01 of the total Ni ions from the temperature dependence of the spin susceptibility of these
components. The X-ray photoelectron spectra were also taken.

The discovery of superconductivity in S-(BEDT-
TTF):Is at T=1.3 K under ambient pressure!-3 has
promoted the preparation of radical salts of BEDT-
TTF (bis(ethylenedithio)tetrathiafulvalene) with the
linear triatomic anion such as I:Br-4 and Aulz~.%
After that, the studies of many complexes including
the metal salts as the counter anion were made and the
stable organic superconductor, (BEDT-TTF)zCu-
(NCS)z, exhibiting complete superconductivity around
10 K at ambient pressure was discovered.® Such charge
transfer complexes between BEDT-TTF and metal
salts are interesting on magnetic properties in addi-
tion to electrical properties, because the metal ion can
have the incompletely occupied electron shell. From
this point of view, we investigated the magnetic and
electronic properties of (BEDT-TTF):CuCl;”? and
obtained the result that the Cu atoms in (BEDT-TTF)-
CuCl; are in a mixed-valence state consisting of mono
and bivalent cations. In the present paper, we report
the complex of (BEDT-TTF)4Ni(CN)a.

Experimental

Black plate-like crystals were grown by the electro-
chemical crystallization of BEDT-TTF in 1,1,2-trichloro-
ethane by using K2Ni(CN) as a supporting electrolyte. The
electrical conductivity of the single crystal was measured by
the four probe method using gold paste as a contact. The
ESR spectra were taken by a Varian E112 at X-band with a
continuous helium flow cryostat and a rectangular micro-
wave cavity. The crystal was rotated around the a axis and
was measured over a temparature range of 4—300K. The
X-ray photoelectron spectra were recorded on a VG
ESCALAB MKII. Mg Ka radiation (1253.6 eV) was used as
the X-ray excitation source and the measurements were
carried out at 10-7 Torr (1 Torr=133.322 Pa) or below.

Results and Discussion

Figure 1 shows the temperature dependence of
electrical conductivity of the single crystal. The room
temperature conductivity was about 20 S cm-1. The
crystal was metallic between 230 and 300 K and became
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Fig. 1.

Temperature dependence of the a axis electri-

cal conductivity of the single crystal of (BEDT-

TTF)sNi(CN)a.
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Fig. 2. ESR spectra of (BEDT-TTF)4Ni(CN)4for the
field direction giving the maximum g value around

the a axis.
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Fig. 3. Angular dependence of the g value around the
a axis. The field is perpendicular to the ac plane at
0 degree. (a) Weak band at4 K (—O—QO—). (b) Strong
band at 4K (—O—0O—) and 300K (—O—0—).

semi-conductive with the energy gap of 100 K below
160 K after the temperature dependence of the conduc-
tivity was not observed between 160 and 230 K. This
kind of resistance behavior may be explained by the
phase transition of the crystal between 160 and 230 K.

The ESR spectra of the single crystal of (BEDT-
TTF)sNi(CN)s are shown in Fig. 2. The angular
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Fig. 4. Crystal structure of (BEDT-TTF)sNi(CN)4.®
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Fig. 5. Temperature dependence of the g value, the
linewidth and the absorption intensity of the ESR
spectra of the strong band for the field giving the
maximum g value.

dependence of the g value and linewidth for the strong
and weak bands at 4 and 300 K is shown in Fig. 3. The
g value exhibits the maximum for the field applied
nearly perpendicular to the ac plane. As is shown in
Fig. 4, the molecular plane of BEDT-TTF is almost
normal to the ac plane and the Ni(CN)4 anion is
located in the ac plane.® Accordingly the direction of
the maximum g value is in accordance with the
direction normal to the Ni(CN); anion plane or
parallel to the long axis of BEDT-TTF molecule.

The ESR spectrum at 4 K consists of the strong band
at g=2.013 (3300 G; 1G=10-4T), the weak band at
g=2.056 (3220 G) and the satellite band at g=2.004
(3305 G). The strong band is assigned to the unpaired
n-electron of the BEDT-TTF cation radical.? The
weak band can be assigned to the d electron of
[Nil'l(CN)4]- in a square planar arrangement.?

Figure 5 shows the temperature dependence of the g
value, the linewidth AH; and the absorption intensity
of the ESR spectra of the strong band for (BEDT-
TTF):Ni(CN)s. The magnetic susceptibility ystone(T)
at temperature T is given by the absorption intensity
of the ESR signal,

xstrong( T) =C { Istrong( T) /Is(rong(zoo K) } . (l)
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The coefficient C may be estimated with the observed
static magnetic susceptibility at room temperature of
9X10—4emu mol-. This value was corrected by
considering the diamagnetic effect of the constitution
atoms. The magnetic susceptibility and the linewidth
of the strong band decrease almost linearly with
decreasing temperature between 300 and 160 K and
exponentially below 160 K. The activated behavior
below 160K corresponds to that of the electrical
conductivity and means the occurence of the metal-
semiconductor transition. If the susceptibility at room
temperature may be described by the Pauli paramagne-
tism of the tight binding model, the calculated
susceptibility is given the simple equation,19

Nopug?

ntsin(pn/2) @

where Ny is Avogadro’s number, up is the Bohr
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Fig. 6. Temperature dependence of the absorption
intensity of the ESR spectra of the weak band.
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magneton and ¢ is the transfer integral. The degree of
the charge transfer (p=1/2) per BEDT-TTF molecule
and the observed susceptibility of 9X10-4emu mol-1
gives t=0.016 eV.

The temperature dependence of the absorption
intensity of the weak band can be depicted by the Curie
law as shown in Fig. 6. The magnetic susceptibility of
[Ni(III)(CN)4]- ion is given by the next equation,

Nogni? up?

kT ®)

xveak(T) = ny s(s+1)

= C{Ivk(T)/I*~n(300 K)}. (4)

Then, the number of spins per [Ni(CN)4]~ anion is
estimated to be nni=0.01.

Figure 7 shows the X-ray photoelectron spectra
(ESCA) of (BEDT-TTF)sNi(CN)4 complex and KzNi-
(CN)s. The Ni 2p3/2 and Ni 2pl/2 peaks were
observed in both components and no difference of the
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Fig. 8. Energy level diagram for Ni(III) and Ni(II)
ions. The z axis is normal to the Ni(CN); plane.
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Fig. 7.

X-Ray photoelectron spectra (ESCA) of (BEDT-TTF)4Ni(CN)a.
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line shape and the intensity ratio is found between
them. That is, most parts of the Ni atoms in (BEDT-
TTF)sNi(CN)4 complex are in the bivalence state and
the low spin d8 configuration of Ni(II) ion forms the
closed shell in the square-planar arrangement as is
shown in Fig. 8, while a few Ni(III) complexs prepared
by the electrochemical oxidation have the unpaired
electron in the d,, orbital. Such mixed valence state of
the metal ion in the BEDT-TTF complex was
observed for the Cu ion in (BEDT-TTF);CuCl..”
These ESR spectra consist of both signals of BEDT-
TTF cation and metal ion. This fact shows the
possibility of the coexist of the free carrier in the
conducting BEDT-TTF band and the paramagnetic
electron in the metal ion.

The above-mentioned results about the magnetic
and electrical measurements show that the electrical
conductivity of (BEDT-TTF)Ni(CN)s complex is
metallic at room temperature and the metal-insulator
transition occurs at 160 K by the dimerization of the
BEDT-TTF molecules.

The authors would like to thank Dr. Tetsuo Asaji of
Nagoya university for the measurement of the static
magnetic susceptibility.
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