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INTRODUCTION

The charge transfer salts based on the donor ET-molecule [bis (ethylenedithio) tetrathiafulvalene]
display a wide range of properties from highly conducting metallic to superconducting to wide
band gap semiconducting and insulating [1]. Typically the crystal structure of such compounds is
characterized by the spatial segregation of organic cations and inorganic anions into alternating
layers, often referred to chemically constructed multilayers.

Among the many ET-based charge transfer salts, new molecular conductors and superconductors
containing paramagnetic FeIII and CrIII ions have been synthesized recently such as:
(ET)4[(H3O)Fe(C2O4)3]⋅C6H5CN (Tc=8.5 K) [Ref. 2], (ET)4[(H3O)Cr(C2O4)3]⋅C6H5CN (Tc∼ 6 K)
[Ref. 3] and (ET)4[(H3O)Fe(C2O4)3⋅C5H5N [Ref. 4]. These were the first superconducting phases
containing stoichiometric concentrations of paramagnetic 3d ions to be reported.

The crystal structure of these compounds consists of ET-layers with +0.5 formal charge per
molecule and layers containing H3O

+ and [Me(C2O4)3]
3- (Me=Cr, Fe). The solvent molecules

occupy hexagonal cavities formed by the anionic layer. A most intriguing feature is that the
change of the solvent molecule C6H5CN (benzonitrile) to C5H5N (pyridine) induces a dramatic
change in the observed physical properties: (ET)4[(H3O)Fe(C2O4)3]⋅C6H5CN shows a metal-
superconductor transition at 8.5 K whereas (ET)4[(H3O)Fe(C2O4)3]⋅C5H5N exhibits a metal-
insulator transition at 116 K [2, 4]. It is therefore of great interest to examine the electronic
structure of these compounds more closely. We present results of X-ray fluorescence
measurements of (ET)4[(H3O)Me(C2O4)3]⋅C6H5CN (Me=Cr, Fe) and
(ET)[(H3O)Fe(C2O4)3]⋅C5H5N. The C Kα, N Kα (2p→1s transition) and Me L2,3 (3d4s→2p3/2,1/2

transition) (with Me=Fe, Cr) X-ray emission spectra probe the occupied C 2p, N 2p, Cr 3d4s and
Fe 3d4s density of states located within or close to the valence band.

EXPERIMENTAL

Single crystals of (ET)4[(H3O)Me(C2O4)3]⋅C6H5CN (Me=Cr, Fe) and
(ET)4[(H3O)Fe(C2O4)3]⋅C5H5N were grown by electrocrystallization in H-shaped cells as
previously reported [2, 3, 4]. The single crystals of (ET)4Hg2.89Br8 were synthesized by



electrochemical oxidation of ET under constant current of 0.5 µA at 400 C from a solution
containing 2·10-3 M BEDT-TTF, 1.5·10-2 M Bu4NHgBr3, 10-3 trichloretane, and 10-3 M HgBr2.

The carbon and nitrogen Kα (2p→1s transition) and Me L2,3 (3d4s→2p3/2,1/2 transition) (Me=Cr,
Fe) spectra were recorded at the Advanced Light Source (Beamline 8.0) using the soft X-ray
fluorescence endstation. The carbon and nitrogen Kα spectra were obtained with an energy
resolution of about 0.8 eV. All XES spectra presented in this paper were measured at a
temperature of T=70° K in order to reduce decomposition of the organic compounds during the
exposure.

RESULTS AND DISCUSSION

Figure 1 shows the Fe L2,3 X-ray
emission spectrum of the oxalate
anionic layer of
(ET)4[(H3O)Fe(C2O4)3]·C6H5CN. For
comparison, the Fe L2,3 X-ray emission
spectra of Fe-metal, FeO and Fe2O3 are
also shown. It is known that the ratio of
intensities at the L2 (3d4s→p1/2

transition) threshold to L3 (3d4s→2p3/2

transition) threshold differs from the
value of 1/2 and reflects the occupancy
of L2 and L3 levels and therefore
depends on the chemical state the of
elements. For the spectra of 3d metals
and alloys, the ratio I(L2)/I(L3) is very
small due to the Coster-Kronig process
L2L3M4,5. The probability of non-radiative L2L3M4,5 Coster-Kronig transitions is distinctly lower
for 3d oxides than for metals due to the presence of an energy gap. The I(L2)/I(L3) intensity ratio
should increase going from pure metals to metal oxides [5]. Moreover, the I(L2)/I(L3) ratio
decreases in the sequence MnO – Mn2O3 – MnO2 [6]. For MnO, with the maximum number of
unpaired 3d electrons, the intensity of the Mn L2 line is nearly equal to that of the Mn L3 line, but
increasing covalency leads to reduction of this ratio. Therefore, the I(MeL2)/I(MeL3) ratio is
related to the localization of the 3d electrons and hence the magnetic moment because the
exchange interaction energy of the 3d electrons exceeds the spin-orbit interaction energy at least
by one order of magnitude. This favors a substantial decrease in the statistical weight of the
3d→2p3/2 transition.

In Fig. 2, the Cr L2,3 X-ray emission spectra of (ET)4 [(H3O)Cr(C2O4)3]·C6H5CN, the Cr-metal
and LiCrO2 are shown. In LiCrO2, Cr ions have the electronic configuration 3d3 [6]. The Cr L2,3

spectrum of (ET)4[(H3O)Cr(C2O4)3]·C6H5CN shows a shoulder at 570 eV, like that seen in the
sample of LiCrO2, which corresponds to the hybridization between Cr 3d and O 2p states.
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Fig.1 The Fe L2,3 emission spectra of
(ET)4[(H3O)Fe(C2O4)3]·C6H5CN, Fe2O3, FeO, and Fe-metal.



 
 According to Figures 1 and 2, the
intensity ratio I(MeL2)/I(MeL3) for the
samples
(ET)4[(H3O)Fe(C2O4)3]·C6H5CN and
(ET)4[(H3O)Cr(C2O4)3]·C6H5CN is
almost three times higher than in the
pure metals (Fe and Cr) and two times
higher than in Fe2O3 and LiCrO2,
respectively. We attribute such large
enhancement in this ratio to the highly
ionic and insulating character of the
oxalate layers and to the localization of
the 3d electrons. The local magnetic
moments at 3d metal sites are found to
be very high: 5.92 and 3.96 µB for
(ET)4[(H3O)Fe(C2O4)3]·C6H5CN and
(ET)4[(H3O)Cr(C2O4)3]·C6H5CN,
respectively.

REFERENCES

1. J.H. Williams, J.R. Ferraro, R.J. Thorn, K.D. Carlson, U. Geiser, H.H. Whang, A.M. Kini,
M.H. Whangbo, “Organic Superconductors (Including Fullerenes): Synthesis, Structure,
Properties and Theory”, Prentice Hall, Englewood Cliffs, N.J., 1992.

2. A.W. Craham, M. Kurmoo and P. Day, J. Chem. Soc., Chem. Commun. 2061 (1995).

3. L. Martin, S.S. Turner, P. Day, F.E. Mabbs, and E.J.L. McInnes, J. Chem. Soc., Chem.
Commun. 1367 (1997).

4. S.S. Turner, P. Day, K.M.A. Malik, M.B. Hursthouse, S.J. Teat, E.J. MacLean, L. Martin,
and S.A. French, Inorg. Chem., 38,  3543 (1999).

5. V.R. Galakhov, E.Z. Kurmaev, and V.M. Cherkashenko, Izv. AN SSSR, ser. Fiz. (USSR)
49, 1513 (1985).

6. V.R. Galakhov and E.Z. Kurmaev, Poverkhnost. Fizika, khimiya, mekhanika (USSR), 10,
107 (1987).

This work was supported by the Russian Foundation for Basic Research (Projects 00-15-96575 and 99-03-32503).
Support by the University of Saskatchewan is gratefully acknowledged. The work at the Advanced Light Source at
Lawrence Berkeley National Laboratory was supported by U.S. Department of Energy (Contract No. DE-AC03-
76SF00098).

Principal investigator: E.Z. Kurmaev,  Institute of Metal Physics, Russian Academy of Science-Ural Division.
Telephone: 7-3432-744183. Email: kurmaev@ifmlrs.uran.ru.

560 570 580 590 600

 (ET)4Cr(C2O4)3C6H5CNH3O
+

 Cr metal
 LiCrO2

Cr L2,3 XES
Eexc=620 eV
     T=80 K

In
te

ns
ity

 (a
rb

. u
ni

ts)

Emission energy [eV]

 Fig.2  The Ct L2,3 emission spectra of
(ET)4[(H3O)Fe(C2O4)3]·C6H5CN, LiCrO2, and Cr-metal.


