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Abstract

Electrocrystallization of bis(ethylenedithio)tetrathiafulvalene (ET) with (PNP)Cu(CF3)4 in 1,1,2-trichloroethane

(TCE) results in two new superconductors, ki-(ET),Cu(CF3)4(TCE), 1, with T, = 4.0 K, and xy-(ET)2Cu(CF3)4(TCE),, 2,

with T, = 9.2 K. 1 forms well-developed plate-like crystals whose structure was determined by X-ray crystallography. Its
band electronic structure is reported. The xy-phase forms long, thin needle bundles.

1. INTRODUCTION

Whereas the first organic superconductors, i.e.,
(TMTSF)oPFg (I, = 0.9 K at 12 kbar pressure) [1} and
(TMTSF)4ClO4 (T, = 1.4 K at ambient pressure) [2] in the
tetramethyltetraselenafulvalene (TMTSF) series, and
subsequently, B-(ET);I3 (T, = 1.5 K in the absence of
special pressure treatment) [3] in the bis(ethylenedithio)-
tetrathiafulvalene (ET) series, were composed of
electron-donor radical cations and simple inorganic
anions, the more recently discovered salts with much
higher T.s contain much more complex and in many
cases, polymeric anions. The best known examples are x-
(ET)9Cu(NCS)3 (T, = 10 K, ambient pressure) {4], and the

record holders x-(ET);CulN(CN),IBr (T, = 11.8 K,
ambient pressure) {5] and k-(ET);Cu[N(CN)IC1 (T, =
12.8 K, 0.3 kbar pressure) [6]. All organic
superconductors (excluding fullerides) with T'; greater
than 10 K contain polymeric anion chains built of planar
copper{I) complexes with bridging and terminal halide or
pseudohalide anions.

Our search for new superconductors has not been
restricted to polymeric anions. As the case of the
crystallographically ordered B*-(ET)ql3 (after pressure
treatment, T, = 7-8 K) [7, 8, 9] proved, relatively high
transition temperatures could also be obtained with the
use of large, monovalent, monomeric anions. When a
salt of the new air-stable organometallic cation
Cu(CF3),~ [10] became available, we immediately
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synthesized the corresponding ET salts [11, 12] in the
hope of producing a new superconductor. The immense
success of this endeavor is reported in this paper.

2. SYNTHESIS AND CHARACTERIZATION

A standard electrocrystallization procedure [13] was
used to grow crystals. The electrolyte consisted of a
solution of ET (Strem Chemicals, recrystallized from
chloroform) and bis(triphenylphosphoranylidene)-
ammonium te t rakis(trifluoromethyl) cuprate(IIl),
[N(PPh3)o]Cu(CF3)4 [10], in TCE (Aldrich, 98%, freshly
distilled over P5Os). The addition of 10% ethanol to the
solvent yielded identical results. After four days, thin
dark needles started to grow, whereas after a week the
main growth was in the form of black plates. Once the
plates started to form, very little further growth of the
needle phase was observed. After harvesting, the crystals
were separated under the microscope and stored over
dry ice whenever they were not in use. These
precautions were necessary since we observed severe
deterioration of the optical transmission and loss of sharp
extinctions between crossed polarizers in thin crystals,
especially of the needle phase, over a span of a few days.

The crystal structure [11} of the plate phase, k-
(ET)oCu(CF3)4(TCE), 1, was determined by use of
single crystal X-ray diffraction. At 298 K, the unit cell
was found to be orthorhombic, a = 13.169(2) A, b =
38.031(3) A, ¢ = 8.5388(11) A, V = 4276.4(9) A3, Z = 4,
space group Pnma. As in most ET-based cation radical
salts [14, 15], the structure consists of alternating layers of
ET molecules and layers of anions (see Figure 1). The
latter also incorporate one solvent molecule per formula
unit. The layer normal corresponds to the b-axis.

Figure 1. Perspective projection of the unit cell of xp-
(ET)5Cu(CF3) 4 (TCE) along the c-axis.

The packing arrangement of the ET molecules
within the conducting layer is of the x-type commonly
found in many other superconducting ET salts, e.g., k-
(ET)oCu(NCS)4 and the x-(ET),Cu[N(CN)qlX (X = Cl, Br)

series. The x-phase packing is characterized by the
presence of face-to-face dimers (often centrosymmetric,
as in the present case). The dimers are tilted by
approximately 45° with respect to a unit cell axis, and
surrounding dimers are tilted by the same amount in the
opposite direction. Intermolecular S-S contacts shorter
than the sum of the van der Waals radii (3.6 A) connect
molecules of adjacent dimers, but not within the dimer.
These short contacts are frequently indicative of
electronic orbital overlap and thus provide electron
conduction pathways. In 1, the S-S contacts form a
network of two-dimensional topology, and the band
electronic structure calculation (vide infra) corroborates
the observed geometry.

The anion and the solvent molecule are both located
on a crystallographic mirror plane. The orientation of the
anion, which contains an approximately square-planar
CuC 4 core as in the corresponding PNP* salt [10}, is such
that the trifluoromethyl groups are disordered around
the Cu-C bond in order to avoid unusually short non-
bonded FF contacts. Similarly, the carbon atoms of the
TCE molecule were found in disordered positions.

Overall, there are two ET molecular layers and two
anion/solvent layers per unit cell. The space group and
the overall arrangement of the molecular components is
the same as in the “high-T'.” x-(ET),Cu[N(CN) )X salts.

The needlc phase, 2, did not yield crystals suitable for
single crystal X-ray diffraction [12]. A few needles
exhibited very weak, broad diffraction maxima which
could be tentatively indexed with the same cell as 1, either
due to the inclusion of some xj-phase inside the needle
bundles or because the structures of the two phases are
very closely related. Other needle crystallites did not
exhibit a discernible diffraction pattern at all. The
composition of 2 was determined by use of energy
dispersive X-ray spectroscopy inside a scanning electron
microscope. Several crystals of 2 consistently showed an
S:Cu molar ratio of 16:1, indicating an ET:anion ratio of
2:1. However, the chlorine content varied from 0.6 to 3 Cl
atoms per Cu atom, indicating a variable solvent content
(assuming no other source of chlorine) between 0.2 and 1
molecule of TCE per formula unit.

The ESR peak-te-peak linewidths (at room
temperature) are: 1: 50 G, 2: 16 G. However, the ESR
spectra of most of the needles exhibit a sizeable admixture
of the 50 G component, again indicating that some x| -
phase may be included inside the needle bundles. The
narrow 16 G linewidth resembles that found in the -
(ET)oX salts, where X is a linear, triatomic anion [14].

The electrical resistivity of both modifications, 1 and
2, initially increased upon cooling, then reached a
maximum (7', = 150 K for 1, 100 K for 2), and finally
decreased in metallic fashion below the maximum. We
were not able to cool the crystals to sufficiently low
temperatures to observe the superconducting transitions



resistively. A resistivity maximum is characteristic of -
phase materials, and this trait led us to tentatively label
the needle phase 2 as xy (H for high T',).

The band electronic structure of «xy,-
(ET)9Cu(CF3) 4 (TCE) was calculated by performing
extended Hiickel tight binding computations [16, 17] for a
single donor-molecule layer of the salt, based on the room
temperature crystal structure. Figure 2a shows the
dispersion relations of the four highest occupied bands of
1. With the oxidation state (ET)o*, there are six electrons
to fill the four bands, thus the highest two bands are
partially filled. The Fermi surfaces associated with these
bands, shown in Figure 2b, are described by overlapping
circles centered at I' and its equivalent positions.
Consequently, 2 is expected to have two-dimensional
metallic properties. The band structure is virtually the
same as that found in the k-(ET)oCu[N(CN)olX (X = Cl,
Br) salts [5, 18].
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Figure 2. (a) Dispersion relations of the four highest
occupied bands calculated for a single dunor-
molecule layer of xp-(ET)3Cu(CFjy)4 (TCE).
The Fermi level is represented by a dashed
line. '=(0,0), X =(a*/2, 0), M = (a*/2, c*/2),
and Z = (0,c*/2). (b) Corresponding Fermi
surfaces in an extended zone.

3. SUPERCONDUCTIVITY

Superconductivity in both phases 1 and 2 was
detected inductively with the use of an rf resonance
circuit or an ac susceptometer (Lake Shore Cryotronics,
Inc.) and explored further in dc magnetization studies
and rf techniques applied to crystals under pressure. For
the plate phase 1 in an rf circuit, we observed the onset of
superconductivity at 4.00+£0.05 K (independent of cooling
rate). The resonance frequency underwent its strongest
increase near 3.5 K and saturated slightly above 2K. A
slightly lower superconducting onset temperature (3.5 K)
was observed in the ac susceptibility (Figure 3), probably
due to temperature gradients in the pumped helium
cryostat.

1 T T T T
xlvl
_ fnﬂq—*—”" —— p°°°o°
2 o - o Lad
£
=] . .
L.ar . o ]
z TN
- L]
3 [
g -2 ° Needles
§ Plates ) .
3 . .
(7] Q
-3 r - ".
n o
o Ill-
‘.
.4 " A : L N
[] 2 4 [] 8 10 12

Temperature (K)

Figure 3. Ac susceptibility (filled symbols: real part y';
open symbols: imaginary part x") as a function
of temperature for both superconducting
phases of ET:Cu(CFj3), salts. Onset T, =4.0 K
(xL, phase 1) and 9.2 K (xy phase 2).

In the needle phase 2, the diamagnetic susceptibility
(Figure 3) showed an onset T, of 9.2+0.1 K and a rather
broad transition (10%-90% width: 1.4 K), possibly due to
impurities, but more likely because of the random
orientation of microdomains within the needles with
respect to the magnetic field.

With an applied hydrostatic pressure, the
superconducting transition temperatures in both
modifications decreased with increasing pressure. In xp-
(ET)oCu(CF3)4 (TCE), the decrease was approximately
linear with dT./dp = -2.5£0.2 K/kbar, whereas in xy-
(ET)5Cu(CF3) 4 (TCE), the initial decrease was dT/dp =
-3.0+0.2 K/kbar, tapering off to -2.2+0.3 K/kbar above ca.
1~1.5 kbar.



(1 V.N.Laukhin, E.E. Kostyucheunko, Y.V. Sushko, I.F.
4. CONCLUSIONS Shchegolev and E.B. Yagubskii, Pis'ma Zh. Eksp.
Teor. Fiz. 41 (1985) 68. Engl. Transl.: JETP Lett. 41
With the use of a large (compared to the previously (1985) 81.
employed, simple inorganic anions) organometallic [8] K. Murata, M. Tokumoto, H. Anzai, H. Bando, G.
anion, Cu(CF3),4~, we have discovered not one, but two Saito, K. Kajimura and T. Ishiguro, J. Phys. Soc.
new organic superconductors in the ET family. The Jpn. 54 (1985) 1236.
better characterized of the two, k-(ET)aCu(CF3) .(TCE), [91 J.E. Schirber, L.J. Azevedo, J.F. Kwak, EL.
is isostructural with the “high-T',” x-(ET),Cu{N(CN)gX Venturini, P.C.W. Leung, M.A. Beno, HH. Wang
(X = Cl, Br) salts. However, the anion layer in the present and J.M. Williams, Phys. Rev. B: Condens. Matter
compounds has much more spatial extent in the direction 33 (1986) 1987.
normal to the anion layer, thus forcing the conducting ET [10] D. Naumann, T. Roy, K.-F. Tebbe and W. Crump,
molecular layers apart by an additional ~4 A. This Angew. Chem. Int. Ed. Engl. 32 (1993) 1482.
increased distance, and the disorder in the CF3-groups of [11] J.A. Schlueter, U. Geiser, J.M. Williams, H.H.
the anion and in the solvent molecule, lead to a lower T, Wang, W.-K. Kwok, J.A. Fendrich, K.D. Carlson,
compared to the dicyanamide salts (4 K vs. 12 K). The C.A. Achenbach, J.D. Dudek, D. Naumann, T. Roy,
superconducting needle phase 2 has a much higher T J.E. Schirber and W.R. Bayless, J. Chem. Soc.,
(9 K), but its detailed characterization awaits the advent Chem. Commun, (1994) in press.
of larger crystals. The resistivity data suggest a x-type [12] J.A. Schlueter, K.D. Carlson, J.M. Williams, U.
structure for the needle phase. In summary, monomeric Geiser, H.H. Wang, U. Welp, W.-K. Kwok, J.A.
organometallic anions have proven suitable for the Fendrich, J.D. Dudek, C.A. Achenbach, D.
synthesis of new organic superconductors. Further Naumann, T. Roy, J.E. Schirber and W.R. Bayless,
studies on related materials, e.g., the corresponding silver Physica (Amsterdam) C (1994) in press.
complexes, are under way. (13] T.J. Emge, H.H. Wang, M.A. Beno, J.M. Williams,
M.-H. Whangbo and M. Evain, J. Am. Chem. Soc.
REFERENCES 108 (1986) 8215.
[14] J.M. Williams, J.R. Ferraro, R.J. Thorn, K.D.
{11 D. Jérome, A. Mazaud, M. Ribault and K. Carlson, U. Geiser, H.H. Wang, A.M. Kini and M.-
Bechgaard, J. Phys., Lett. (Orsay, Fr.) 41 (1980) H. Whangbo, Organic Superconductors (Including
L95. Fullerenes). Synthesis, Structure, Properties and
21 K. Bechgaard, K. Carneiro, M. Olsen, F.B. Theory, Prentice Hall, New Jersey, 1992.
Rasmussen and C.S. Jacobsen, Phys. Rev. Lett. 46 {15] T. Ishiguro and K. Yamaji, Organic
(1981) 852. Superconductors, Springer-Verlag, Berlin,
3] E.B. Yagubskii, I.F. Shchegolev, V.N. Laukhin, P.A. Heidelberg, 1990.
Kononovich, M.V. Kartsovnik, A.V. Zvarykina and [16) M.-H. Whangbo and R. Hoffmann, J. Am. Chem.
L.I. Buravov, Pis'ma Zh. Eksp. Teor. Fiz. 39 (1984) Soc. 100 (1978) 6093.
12. Engl. Transl.: JETP Lett. 39 (1984) 12. {17) The atomic orbitals of C, S, and Se were
[4] H. Urayama, H. Yamochi, G. Saito, K. Nozawa, T. represented by double-zeta Slater type orbitals [M.-
Sugano, M. Kinoshita, S. Sato, K. Oshima, A. H. Whangbo, J.M. Williams, P.C.W. Leung, M.A.
Kawamoto and J. Tanaka, Chem. Lett. (1988) 55. Beno, T.J. Emge, H.H. Wang, K.D. Carlson and
(5] A.M. Kini, U. Geiser, H.H. Wang, K.D. Carlson, G.W. Crabtree, J. Am. Chem. Soc. 107 (1985) 5815],
J.M. Williams, W.K. Kwok, K.G. Vandervoort, J.E. and a modified Wolfsberg-Helmholz formula was
Thompson, D.L. Stupka, D. Jung and M.-H. used to calculated the off-diagonal H;; values [J.H.
Whangbo, Inorg. Chem. 29 (1990) 2555. Ammeter, H.-B. Biirgi, J. Thibeault and R.
[6] J.M. Williams, A M. Kini, H.H. Wang, K.D. Carlson, Hoffmann, J. Am. Chem. Soc. 100 (1978) 3686].
U. Geiser, L.K. Montgomery, G.J. Pyrka, D.M. (18] U. Geiser, A.J. Schultz, H.H. Wang, D.M. Watkins,
Watkins, J.M. Kommers, S.J. Boryschuk, A.V. D.L. Stupka, J.M. Williams, J.E. Schirber, D.L.
Strieby Crouch, W.K. Kwok, J.E. Schirber, D.L. Overmyer, D. Jung, J.J. Novoa and M.-H.
Overmyer, D. Jung and M.-H. Whangho, Inorg. Whangbo, Physica C (Amsterdam) 174 (1991) 475.
Chem. 29 (1990) 3262.
DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Slaufs
Government. Neither the United States Government nor any agency thereof, nor any of thel.r
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use w

ould not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.









