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Gunzi Saito

Mitsuhiko Maesato

Department of Chemistry, Graduate School of Science,
Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto, Japan

We briefly describe the strategies to increase (or decrease) the electronic dimension-
ality to suppress (or induce) metal-insulator transition and discuss the structural
and physical properties, ground state and phase diagram of TMTSF and ET
superconductors. Then we touch on the other superconductors including single
component ones and unidentified superconducting organics (USO) reported so far.

Keywords: ET; organic superconductors; spin-liquid state; uni-axial strain; unidenti-
fied superconducting organics (USO)

1. STRATEGY TO MODIFY ELECTRONIC DIMENSIONALITY

Since the metallic state in the one-dimensional (1D) electronic system
is unstable, an increase in the electronic dimensionality is necessary to
prevent the nesting of Fermi surfaces. Several attempts have been
made through “pressure,” “heavy atom substitution” or “peripheral
addition of alkylchalcogeno groups” (Fig. 1) [1,2]. The HMTTeF mole-
cules afforded stable metallic phase without any trace of superconduc-
tivity [3]. The BO molecules also afforded stable 2D metals owing to
the strong self-asembling ability [4]. To destabilize the metallic state
of the BO complexes, the substitution of one ethylenedioxy group with
ethylenedithio group (BO — EOET) or the elimination of one ethylene-
dioxy group (BO — EDO) was examined. They are found to be very
efficient to provide charge localized phases or metal-insulator (MI)
transitions [5,6]. Several superconductor (SC)s have been prepared
based on TMTSF, ET, BO and a variety of analogues of EOET and
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FIGURE 1 Strategy for chemical modification of the TTF molecule to increase
(arrows) or decrease (dotted arrows) the electronic dimensionality by the aid of
enhance or suppress the self-assembling ability of the donor molecules,
respectively.

EDO, though EOET and EDO themselves did not afford SCs
(see Section 10).

2. TMTSF AND TMTTF 1D SUPERCONDUCTORS

The most successful molecule by “heavy atom substitution” is TMTSF,
which has provided eight quasi-1D SCs; (TMTSF):X (X=PFg, AsFg,
SbFg, NbFg, TaFg, ClO4, ReO4 and FSO3) with T, < 3 K [2,7-9]. Among
them the NbFg salt was recently prepared using room-temperature
ionic liquid (1-ethyl-3-methyl-imidazolium)NbFg as electrolyte [9].
(TMTSF),NbFg is isostructural to other (TMTSF),X. The MI transition
at 12K at ambient pressure (AP) due to spin density wave (SDW) was
suppressed under pressure and a superconductivity appeared with
on-set superconducting transition tempetature (7.) of 1.26 K (mid-
point T.=1.12K) at 1.2 GPa [9]. The isomorphous (TMTTF).X salts dis-
played superconductivity under high pressure with 7', less than 2 K for
X=Br [10], PFg [11], and BF,4 [12]. (TMTSF),ClO, is the only AP SC
among them and did not show the Hebel-Slichter coherence peak indi-
cating non s-wave type SC [13]. A generalized phase diagram including
(TMTTF)2X and (TMTSF)2X indicates that the superconducting phase
neighbors the magnetic SDW phase [14].

3. ET AND BO 2D SUPERCONDUCTORS

The “peripheral addition of alkylchalcogeno groups” to a parent
molecule TTF has successfully produced 2D BO [4] and ET [1,15]
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conductors. The robust intermolecular interactions in the BO complexes
have provided a metallic state even in the strongly disordered systems.
The BO complexes hardly exhibited any phase transition including the
superconducting one (only two SCs (T, <1.5 K) were found) [16,17].

As for ET compounds, different kinds of ETeeET (7—7, SeeS) and
ETeeanion (hydrogen bonds) intermolecular interactions, large confor-
mational freedom of ethylene groups, flexible molecular framework,
fairly narrow bandwidth and strong electron correlations gave a rich
variety of complexes with different crystal and electronic structures
ranging from insulators to SCs. About 60 ET SCs are so far known.
Currently p'-(ET)2ICly (on-set T.=14.2 K and midpoint 7.=13.4K at
8.2GPa [18]) and k-(dg-ET);Cu[N(CN)3]C1 (T.=13.1K at 0.03 GPa)
[19] show the highest values of T, under pressures, while both are Mott
insulators at AP. At AP, k-(dg-ET)sCu(CN)[N(CN)s] shows the highest
T. of 12.3 K [20] followed by x-(hg-ET);Cu[N(CN),]Br (T, =11.8 K) [21].

4. x-TYPE 10K CLASS SUPERCONDUCTORS

The four x-type SCs «k-(ET):X (X = Cu(NCS),;, Cu[N(CN),IClI,
Cu[N(CN)9]Br and Cu(CN)[N(CN)s]} share some common structural
and physical properties. Figure 2 shows the crystal structure of the

FIGURE 2 (a) Crystal structure of k-(ET)3Cu(NCS)s. (b) Packing of ET mole-
cules viewed along the long molecular axis. Anion structures of x-(ET)gX,
X = Cu(CN)[IN(CN)z] (c), Cu(NCS)2 (d), Cu[N(CN),]Y (Y = Cl, Br) (e).
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FIGURE 3 Temperature dependences of resistivity of 10 K class supercon-
ductors x-(ET);X (X = Cu(CN)[N(CN);] (2), Cu(NCS); (3), Cu[N(CN);]Br
(4), Cu[N(CN),ICI (5)) are compared with those of a good metal with low T
p-(ET)2Aul; (1), strongly electron correlated insulator 0-(ET)2Cuga(CN)[N(CN)slo
(6) and a Mott insulator k-(ET)oCus(CN);3 (7) at AP. (See COLOR PLATE I)

prototype Cu(NCS); salt [22] and anion structures of x-(ET) X.
Although these ET salts have similar structural aspects, their trans-
port properties differ apparently (Fig. 3). The Cu(CN)IN(CN),] salt
(2) showed a monotonous decrease of resistivity with upper curvature
down to T,. The Cu[N(CN)y]Br salt (4) exhibited a similar behavior to
that of the Cu(NCS),; salt (3) without a metallic regime near RT.
The Cu[N(CN)ICl salt (5) showed a semiconductor (g = 24 meV)—
semiconductor (g = 104 meV) transition at ca. 42K due to an antifer-
romagnetic (AF) fluctuation [23] resulting in a weak ferromagnet
below 22 K. Under a weak pressure, it showed a similar temperature
dependence to that of the Cu[N(CN);]Br salt.

The Cu[N(CN),ICl salt showed a complicated T-P phase diagram
(Fig. 4a) [24,25]; a non-metallic phase (N1) down to 60K, low-D AF
fluctuation (N2) down to 30-35 K, 3D AF ordered phase (N3) and weak
ferromagnet (N4) below 22 K. Weak ferromagnetic and superconducting
phases coexist below 13 K (incomplete superconducting phase; I-SC-2).
Another I-SC phase (I-SC-1) appeared at ca. 20-30 MPa then the com-
plete superconducting (C-SC) phase followed at higher pressures. Below
these superconducting phases, reentrant nonmetallic (RN) phase
resides. Similar 7-P phase diagrams were obtained for x-(dg-ET),
Cu[N(CN),]Y (Y = Cl, Br) with a parallel shift of pressure [27].

5. SUPERCONDUCTING CHARACTERISTICS

The Cu(NCS), salt gave higher H., values in the 2D plane than Hp,,;
[28]. No Hebel-Slichter coherence peak was observed in both Cu(NCS),
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FIGURE 4 Pressure-temperature phase diagram of (a) k-(hg-ET);Cu
[N(CN),ICI [24,25] (M: metallic phase). (b) Simplified phase diagram for
k-(ET)X [26]. Geometrical isotope effect is represented by arrow above the
figure. The diagram cannot include both x-(ET);Cus(CN)3, which does not exhibit
AF state and x-(ET)2Cu(CN)[N(CN)q], which does not exhibit paramagnetic non-
metallic phase although T is higher than 11 K.

and Cu[N(CN),]Br salts [29] in "H-NMR measurements, ruling out the
BCS s-wave state. The symmetry of the superconducting state of the
Cu(NCS), salt has been controversially described as normal BCS-type
or non-BCS type. Scanning tunneling spectroscopy showed the d-wave
symmetry with line nodes [30], and thermal conductivity measure-
ments showed that the symmetry is of dyy [31]. Inverse isotope effect
has so far been observed for the Cu(NCS), [30], Cu(CN)[IN(CN)s] [20]
and Cu[N(CN);ICl [19] salts, and normal isotope effect for the
Cu[N(CN),]Br salt [32].

A T-P phase diagram for x-(ET),X (Fig. 4b) has been proposed which
includes the Cu(NCS)y, Cu[N(CN)9]Br and Cu[N(CN)sICl salts [26].
This diagram is a simplified one compared with the experimentally
observed one (Fig. 4a), but is very convenient and useful to explain
the general trends for these salts. The phase diagram and “geometri-
cal isotope effect” [33] point out that T, decreases with increasing
pressure if only the parameter U/W or density of states at Fermi level
D(ep) is taken into account. This tendency has been observed under
hydrostatic pressure but not under uniaxial pressure (see Section 7).

6. CONTROL OF U/W AND BAND FILLING: x'-(ET),Cu,(CN);

A Mott insulator x-(ET);Cus(CN)s (7 in Fig. 3) was converted to a
metal and SC by applying hydrostatic pressure of 0.35GPa with
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FIGURE 5 The anion structures of (a) k-(ET)5Cug(CN)3 and (¢) x-(ET)2Cu(CN)
[N(CN)s]. (b) A schematic figure of ;c’-(ET)Z(Cu1*)z_x_y(Cu2+)x(CN)3_2y[N(CN)2]y
with y ~ 0.1 [35]. (d) Relation between the content of N(CN),, y and T in
several crystals of «’ salt: lc-(ET)z(Cu1*)2_x_y(Cu2*)X(CN)3_2y[N(CN)2]y. As for
points a—e, see text. Dashed line indicates the samples of y ~0.3.

on-set T of 3.9 K through a Mott insulator-metal transition at 13-14 K
with a resistivity drop by 10° [34]. On the other hand, an isostructural
salt ¥’-(ET)3Cuy(CN)3, which contained a small amount of Cu®*, exhib-
ited a metal-SC transition without Mott insulating state [34]. Later,
it was found that exact chemical formula of x’-(ET);Cu(CN); was
Kk-(ET)o(Cutl,,, Cu%H{(CN)3 5, [N(CN)z],} and its transport natures
were governed by the content of Cu®" (x) and ligand [NC-N-CN1*~ (y)
[35]. Owing to the very similar shape, size and equal charge between
[Cu(CN)s] and [N(CN)s], they were replaceable to each other in the
anion layer (Figs. 5a—c). At x = 0 and y = 0, the salt is a Mott insulator
X = Cuy(CN)3 (point a in Fig. 5d), while the other extreme side (x = 0,
y=1)is a SC X = Cu(CN)[N(CN)g] with T, = 11.2K at AP (point e). By
changing both x (80-1200 ppm) and y (preferential values of y are 0.05
(point b), 0.3-0.4 (¢), 0.8 (d)), the T. was tuned from 3 to 11 K. At
y = 0.3-0.4, the T covered from 3 to 10 K and the crystals with differ-
ent T, had different x values indicating that the charge of ET was
modified from +0.5 to +0.5(1 — x), that corresponds to the change of
chemical potential. T increased with increasing x (= the content of
Cu?") up to 400 ppm and then 7T, decreased.

7. HYDROSTATIC-PRESSURE VS. UNIAXIAL-STRAIN

In general, T, decreased rapidly with increasing hydrostatic pre-
ssure (dT./dP = —(30-35)KGPa* for the Cu(NCS), salt [36] and
—24 KGPa* for the Cu[N(CN),]Br salt [37] except some special cases,
k-(ET)gHgs goBrg (dT./dP~ +13KGPa ™) [38] and the Cu[N(CN)]ICl
salt (T, increased at low pressure range then was suppressed at higher
pressures dT./dP = —34 KGPa ) [19]. The suppression rates of T, by



Downloaded by [University of Haifa Library] at 10:02 22 August 2012

Organic Superconductors 37

12+ I ‘ '
:A\A
10 !\.\.\\‘ strain// ¢
. \ \‘
~ 5 \.\.
— - A
Y 6 L
~ strain // a* -
ni .
2l strain // b
0 L I 1 1
0 0.2 04

External pressure/GPa

(a) (b)

FIGURE 6 (a) Pressure dependence of 7', of k-(ET);Cu(NCS)y under uniaxial
strain [44]. (b) T of k-(ET);X salts are plotted as function of ¢ /¢ and U/W [45].
X =I3(a), Ag(CN)y-H0 (b), Cu(CN)IN(CN)s] (2), Cu(NCS); (3), Cu[N(CN)3]|Br
(4), Cu[N(CN)32ICl (5) Cuy(CN);3 (7). Blue and yellow arrows indicate the direc-
tion of ¢/t decreases and U/W increases, respectively. Red arrows correspond
to the changes of T, by applying uniaxial strain. (See COLOR PLATE II)

pressure for the 10 K class SCs are remarkably high compared to other
SCs (dT./dP = —1.0K GPa* for (TMTSF),Cl0,[39] and —7.8 KGPa™*
for K3Cgo [40]). The hydrostatic pressure method, however, has a
marked disadvantage that it does not provide direct information
concerning about the anisotropy of the anisotropic organic conductors.
Early works on x-(ET);Cu(NCS); have been done by 1) tensile stress
[41], 2) direct uniaxial compressive stress [42], and 3) uniaxial compress-
ive stress using epoxy-method [43]. These involve so-called Poisson’s
effect. In general T, decreased. An increase in T, was only observed by
1 (AT.=0.6+0.5K, //b). Later, several groups studied the uniaxial
strain effects on T, using epoxy-method without the Poisson’s effect
[44]. The uniaxial strain along the c-axis increased T with d7./dP, =
~ +13KGPa ! up to 0.1GPa (on-set T, = 11.2 + 0.4 K) followed by a
decrease with d7./dP, ~ —12KGPa! (Fig. 6a) [44 (b)]. On the other
hand, along the b-axis T is nearly constant up to 0.2 GPa and then
decreased rapidly (d7./dP, ~ —28 KGPa ). Along the interlayer direc-
tion (//a*), T.. decreased monotonically (d7./dP, ~ —(11-17) KGPa™).
Figure 6b demonstrates the T of several x-(ET)sX SCs with respect
to the two parameters U/W and ¢'/¢, where the latter represents the
electronic anisotropy (Figs. 7a, b). The uniaxial strain experiments
in Fig. 6b clearly revealed that the T. increased as the U/W appro-
aches unity and as the '/t departs from unity (see Section 9) [45].
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FIGURE 7 (a) Donor packing pattern of x-(ET),Cus(CN); along the a-axis
(transfer integrals; t,; = 22meV, 3 = 12meV, ¢, = 8meV and {, = 3meV)
and (b) triangular spin lattice (¢'/¢ = 1.06; t' = tpg, t = (|¢p| +|¢4])/2) composed
of the ET dimer which is encircled by an ellipsoid in (a) and represented by
closed circle in (b). Line shape of H-NMR of (¢) x-(ET)3Cus(CN); [48] and
(d) k-(ET);Cu[N(CN),IC1 [26].

8. TRIANGULAR SPIN LATTICE AND SPIN LIQUID STATE

Figure 3 compares the resistivity of three k-type SCs (2—4) with those
of x-type Mott insulators (5 and 7), strongly electron correlated insu-
lator 0-(ET)2Cugs(CN)IN(CN)gls (6) and a good metal having low T,
P-(ET)2Auly(1). x-(ET)oCus(CN)3 (7) showed a comparable ory value
to those of 2-6. The energy gap ¢, of 7 (0.10-0.12eV) is 4-5 times that
of 5 (0.024 eV) and a half of that of 6 (0.17-0.19 eV). The semiconduc-
tive region of 3-6, which is called as paramagnetic non-metallic
phase in Figure 4b, is postulated to be a Mott insulating state. How-
ever the enhancement in the magnetic susceptibility due to the elec-
tron correlation is not significant compared to those of the typical
Mott insulators (Table 1). The magnetic susceptibility, optical, thermo-
power and other measurements confirmed that the semiconductive-
like region of 3 and 4 is neither the typical Mott insulator nor typical
metal. The origin of the regime is still controversial, but the strong
electron correlation is the most plausible cause. Figure 3 and the
yrt in Table 1 show that the electron correlation increases in the order
of1<2<3<4<5< 7<6.

It has been generally observed that the superconducting state is
located in close proximity to the magnetic-ordered state in cuprate,
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Ceo, TMTSF and ET systems (SDW or AF state). However, the ground
state of 7 differs from them distinctly. Figure 7a shows the donor pack-
ing of 7 where an ET dimer is a unit with S = 1/2 spin to form the
triangular lattice with two kinds of transfer integrals ¢ = (|¢,|+[¢4])/2
and ¢ = ty,3/2 (Fig. 7b) [46,47]. Figures 7c,d compare the line shape
of '"H-NMR absorption of 7 and 5. The latter salt exhibited a drastic
change below 27 K owing to the formation of 3D AF ordering. On the
other hand, the absorption band of 7 remains almost invariant down
to 32mK indicating non-spin-ordered (spin-liquid: SL) state [48].
The appearance of SL state in 7 can be explained in terms of the spin
geometry of k-(ET),X which forms an anisotropic triangular lattice
with varied ¢'/t (Table 1). Although the Mott insulators 5 and deuter-
ated 4 have nearly the same W/U as that of 7 (Fig. 6b), the less frus-
trated spins in 5 (¢'/t ~0.75) and D-salt of 4 (¢'/t = 0.68 for the H-salt)
can lead to an AF ordered state. On the other hand, since the spin frus-
tration is much significant in 7 (¢'/t = 1.06), the formation of the AF
state is suppressed at AP. Then the salt 7 forms the unprecedented
SL state, which can be placed in Figure 4b by adding another axis ¢'/¢
besides U/W.

9. SUPERCONDUCTING STATE NEIGHBORING
TO SL STATE

Figure 8 shows the temperature dependence of resistance of x-(ET),
Cuy(CN)3 under the uniaxial strain along the b-and c-axes. Along
the b-axis, the semiconductor-like region remained clearly even at
0.5 GPa, while along the c-axis, the semiconductor-like region dis-
appeared at 0.5 GPa. The uniaxial strains along the b5- and c-axes

100 100
'
10 wf 71 l
é 1 § 1F
o
o & o1l
& o1 ] =
0.5 GPa
& oot ] [~ 0.01,1GP
1E-3F - “*% 1
1E-3 strain// b ! v strain // ¢
1E4 . 1E-4¢ . s 3
1 10 100 1 10 100
Temperature / K Tepmperature / K

FIGURE 8 Temperature dependence of resistance of x-(ET)3Cuys(CN); by
uni-axial strain epoxy-method along the b- (left) and c-axes (right). (See
COLOR PLATE III)
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FIGURE 9 (a) Pressure dependence of on-set 7', of k-(ET);Cuz(CN)3 by the
uni-axial strain and hydrostatic pressure methods. (b) Temperature-uniaxial
pressure phase diagram in the low temperature region.

resulted in the increase and decrease of ¢'/¢, respectively. In both
cases, a superconducting state readily appeared since the ¢ /¢ deviates
from unity besides the increase of W/U,g. It is noteworthy that the
disappearance of the semiconductor-like region, appearance of the
superconducting state and its T.’s are fairly anisotropic as shown in
Figure 9. Compared to the hydrostatic results, the uniaxial method
afforded 1) a much higher T, value, 2) an increase of T, at the initial
pressure region, and 3) an anisotropic pressure dependence. Within
the bc-plane, the superconducting state appeared above 0.1 GPa
(T.=3.8K(//b),5.8K (//c)) and T increased up to 6.8 K (//b, 0.5 GPa)
and 7.2K (//c, 0.3 GPa). Along the a*-axis, the superconducting state
appeared above 0.3 GPa.

A T-P phase diagram for k-(ET);Cus(CN)3 at low temperature
region is depicted in Figure 9b. The appearance of the superconduct-
ing state is interpreted by both the increase of W/U.y and the devi-
ation of ¢/t from unity. The increase of T. in the initial pressure
regime might be ascribed to the reduction of the spin frustration.
The following decrease of T in whole measured directions might be
explained by the decrease of D(¢r) owing to the increase of W. The
appearance of superconducting state immediately after the release of
the spin frustration in the SL state is an indication of the importance
of the magnetic mediation for SC.

10. OTHER SUPERCONDUCTORS INCLUDING SINGLE
COMPONENT ONES

Besides ET, BO, TMTSF and TMTTF SCs, there are other SCs
(Fig. 10, numbers in bracket are the total members of each SC and the
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Donor Molecule
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[*] |
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AN 0 i
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S~ S S—S, G.Q%g )
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<L K = 5 PaL1, 2]

M(dmit),[11, 6.2] Canlca.30. 331

FIGURE 10 Component molecules of superconductors. The numbers in
bracket indicate the total members of each superconductor and the highest T..

highest T.) of CT salts based on symmetric (BETS [49], BEDSe-TTF
[50]) and unsymmetric donors (ESET-TTF [51], S,S-DMBEDT-TTF
[562], meso-DMBEDT-TTF [53], DMET [54], DODHT [55], TMET-
STF [56], DMET-TSF [57], DIETS [58], EDT-TTF [59], MDT-TTF [60],
MDT-ST [61], MDT-TS [62], MDT-TSF [63], MDSe-TSF [64], BDA-
TTP [65], DTEDT [66]) as well as acceptors, M(dmit), (M = Ni, Pd) [67]
and Cg, [68]. Most of the reported T.’s recently prepared are the on-set
T, values that are approximately 0.5—1 K higher than the mid-point 7'
values. Except the last Cgg system, the T’s of them are less than 10 K.
There are two single-component SCs, p-iodanil (ca. 2K at 52 GPa) [69]
and hexaiodobenzene (ca. 2.3K at 58 GPa) [70]. At present the total
numbers of molecular SCs are around 150 and the highest T, is 33K
for RbCS2CG() [71]

11. UNIDENTIFIED SUPERCONDUCTING ORGANICS (USO)

There have been several experimental reports describing very high
T.s or very fascinating materials with low 7. though these data are
not reproducible.

The most interesting one was Na salt of cholanate with 7, =277.0K
reported in 1976, though cholanic acid does not have n-electrons [72].
The superconductivity was detected by conductivity and magnetic
measurements. The authors mentioned that the salt showed an insu-
lator to SC transition and the transition was fractional. Very recently,
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biological compound (double stranded DNA) was reported to exhibit
proximity induced superconductivity less than 1 K [73]. The deionized
DNA molecules are insulating [74] and superconductivity cannot be
expected.

In 1978, aniline black was reported to show possible superconduc-
tivity by the irreversible drop of resistivity by 10° in the I-V measure-
ments at RT around 250V (T.=295.5K) [75]. In 1989, a resistance
drop by nine orders of magnitude and a strong diamagnetism which
was destroyed by magnetic field were reported on polypropylene oxi-
dized for three years (T.=293 K) [76]. Oligo- and polyphthalocyanines
have been reported to exhibit 7. of 83 and 92K, detected by LFMA
(low-field magnetic absorption) [77], which is very sensitive but some-
times gave false signal. Those are the USOs of polymers. So far no
organic polymers have been confirmed to show superconductivity,
although there are at least two inorganic ones (SN, [78], black phos-
phorus [79]) with crystalline forms. It should be reminded that the
sample should be well oriented otherwise disorders inherent to organic
polymer destroy superconductivity.

As for the low molecular weight materials, Schon et al. reported
superconductivity on polyacenes (anthracene, tetracene and pentacene)
of FET devices at low temperatures (7, < 4K) but the paper was
retracted [80].
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