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ABSTRACT: The series of salts β”-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 show ambient-pressure
superconductivity when M = Cr or Rh. Evidence indicates that the previously reported Cr and Rh salts show a bulk
Berezinski-Kosterlitz-Thouless superconducting transition. The isostructural ruthenium and iridium salts are reported
here. The Ir salt represents the first radical-cation salt to contain a 5d tris(oxalato)metallate anion. Both the Ru and Ir
salts do not show superconductivity but instead undergo a broad chemically-induced metal-to-insulator transition at 155
K for ruthenium and at 100 K for iridium. The c axes of the Ru and Ir salts are much shorter than those of the Rh and
Cr salts. Thus the more stable metallic state of the Cr and Rh salts is associated with the more strongly 2D electronic
systems. The different low-temperature behaviour of the Ru and Ir salts, which exhibit a smaller interlayer spacing,
could originate from a structural change in the anionic layer which thus can be easily transmitted to the donor layers
and generate a localized state. However another possibility is that it originates from Berezinski-Kosterlitz-Thouless
effects.

INTRODUCTION
Radical-cation salts of BEDT-TTF with tris(oxalato)metallate anions have produced a multitude of multifunctional
materials over the past 25 years. 1 These salts have combined conductivity with paramagnetism, 2 ferromagnetism, 3 or
anti-ferromagnetism4 through making slight modifictions to the lattice by changing the metal of the trisoxalate, the
cation, or the guest solvent molecule. 1 The general formula for most of these radical-cation salts is (BEDTTTF) x[(cation)M(C 2O4)3].guest (x = 3 or 4). 1 The BEDT-TTF donors and the tris(oxalato)metallate anions form separate
layers. The anion layers are formed of a honeycomb of tris(oxalato)metallate anions and cations with guest solvent
molecules situated within the hexagonal cavities created by the honeycomb arrangement. The packing arrangement of
the donor layer, and therefore the conductivity of the material, is dictated by the size of the hexagonal cavities and the
size, shape, and orientation of the guest solvent molecule within it. Small cations (e.g. Li +, Na+) and guest molecules
(e.g. nitromethane, acetonitrile, ethanol, DCM, DMF, acetonitrile) produce semi -conducting salts where x = 3.5 Larger
cations (e.g. NH 4+, K+) and guest molecules (e.g. benzonitrile, nitrobenzene, halobenzenes) produce salts where x = 4
that can show superconductivity. 2,6 Increasing the size of the guest molecule further (e.g. acetophenone, sec-phenethyl
alcohol) means that the guest molecule does not fit within the hexagonal cavity and part of the guest molecule projects
out of one side of the anion layer and leads to a different BEDT-TTF packing motif being present on each side of the
anion layer, e.g. both α and β”, 7 or α and κ. 8
Owing to its affinity for NH 4+ and K+ cations, 18-crown-6 is used in the synthesis of these radical-cation salts. It has
been shown that the crown ether molecule can also be included in the crystal structure, 9 and this has produced a salt
which is both metallic and a proton conductor. 10 The crown ether is also included in the lattice of the title material, β''(BEDT-TTF) 2[(H2O)(NH4)2M(C2O4)3].18-crown-6, which represents only the second family of BEDT-TTFtris(oxalato)metallate radical-cation salts to exhibit superconductivity. 11 The distance between neighbouring conducting

layers in this salt is the widest found in a radical-cation salt having just the one BEDT-TTF packing type (β”). 11 We
have previously reported that when M = Cr or Rh evidence indicates that a bulk Berezinski-Kosterlitz-Thouless
superconducting transition is observed and there is a broad transition from Tc to Tzero.12 We report here the isostructural
β''-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts where M = ruthenium or iridium. The Ir salt represents the
first radical-cation salt to contain a 5d tris(oxalato)metallate anion. Both the Ru and Ir salts do not show
superconductivity but instead undergo a broad chemically-induced metal-to-insulator transition at 155 K for ruthenium
and at 100 K for iridium.

RESULTS AND DISCUSSION
All four salts crystallise in triclinic P-1 space group with a formula of β''-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18crown-6 (where M = Cr, Rh, Ru, Ir). The Ru and Ir salts are isostructural with the previously published Cr and Rh
salts.11 The structure consists of β’’ BEDT-TTF layers and H 2O/NH4+/18-crown-6 layers which are segregated by layers
of NH4+/tris(oxalato)metallate (Fig. 1). Each tris(oxalato)metallate layer consists of only a single enantiomer with the
next tris(oxalato)metallate layer containing the opposing enantiomer. Table 1 compares the unit cell dimensions of all
four salts at 110K. Of note is that the c axes of the Ru and Ir salts are much shorter than those observed previously in
the superconducting Cr and Rh salts.11

Fig. 1 Crystal structure of β”-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 projected along the b axis. The layered
packing can be seen with donor layers (A) and crown ether layers (C) sandwiched between enantiopure layers of either
Λ or Δ tris(oxalato)metallate (B and D). This gives a lattice with ABCDABCDA arrangement of layers.
γ/
V / Å3
Cr
64.165(5) 2783.8(3)
Rh
64.325(4) 2839.9(2)
Ru
64.347(5) 2792.35(15)
Ir
64.215(5) 2794.78(18)
Table 1 Unit cell dimensions of the β''-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts at 110K.
a/Å
10.2565(6)
10.2970(5)
10.2959(2)
10.3115(3)

b/Å
11.1039(7)
11.2532(4)
11.1722(3)
11.1855(4)

c/Å
27.3786(15)
27.4339(11)
27.1422(5)
27.1250(7)

α/
86.474(6)
86.383(3)
86.329(6)
86.213(6)

β/
82.734(6)
82.411(4)
82.859(6)
82.827(6)

The anion layer is the same as that found in the β''-(BEDT-TTF)4[(A)M(C 2O4)3].Guest 2 salts with a hexagonal cavity
built from cations and tris(oxalato)metallates (Fig. 2). The guest in this case is an 18 -crown-6 ether (layer C) which
projects into the hexagon in one or other of the neighbouring layers (layer B or D) (Figs. 1 and 3).

Fig. 2 Anion layer of β”-(BEDT-TTF) 2[(H2O)(NH 4)2M(C2O4)3].18-crown-6 projected along the c axis. The black line
indicates a hexagonal cavity formed by three tris(oxalato)metallate anions with th ree ammonium cations.

Fig. 3 Anion layer of β”-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 showing the neighbouring 18-crown-6
molecules which are located in the hexagonal cavities.
Table 2 shows the hexagonal cavity dimensions for all four salts. We previously reported that the Cr salt has a hexagonal
cavity similar in dimensions to superconductor β''-(BEDT-TTF)4[(H3O)Cr(C2O4)3].benzonitrile. 11 In the β''-(BEDTTTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 series (M = Cr, Rh, Ru, Ir), the Cr hexagonal cavity is the smallest and the
Rh the largest. Ru and Ir are intermediate, with both being very similar in size, and only slightly smaller than Rh.
Previous work 6 reported that the hexagonal cavity dimensions are dependent upon the size of the metal3+ and the
oxygen…cation distances rather than the size of the solvent cited within the hexagonal cavity. The Rh salt has some of
the longest distances from outer oxalate oxygens to ammonium cations (3.083(5) Å) compared to Ru (3.047(3) Å), Ir
(3.037(7) Å) and Cr (3.039(7) Å).

Distances / Å
HEXAGON SIDES
e.g. M1 to N57
HEIGHT
e.g. top M1 to bottom N57
WIDTH
3 possible M1 to M1 or N57 to N57
Oxalate O4-cation N57
Oxalate O7-cation N57
Oxalate O10-cation N57
Oxalate O13-cation N57
Oxalate O16-cation N57
Oxalate O19-cation N57

Rh
6.443(3)
6.372(3)
6.338(3)

Cr
6.353(5)
6.327(5)
6.280(7)

Ru
6.398(2)
6.365(2)
6.319(2)

Ir
6.400(5)
6.367(5)
6.323(5)

13.861(3)
12.358(3)
11.931(3)
11.5002(7)
11.2532(4)
10.2970(5)
2.951(4)
3.034(4)
2.839(4)
3.057(4)
2.903(4)
3.083(5)

13.655(5)
12.284(5)
11.841(5)
11.3680(8)
11.1039(7)
10.2565(6)
2.924(6)
3.013(7)
2.834(6)
3.026(6)
2.913(6)
3.039(7)

13.768(2)
12.360(2)
11.880(2)
11.4555(7)
11.1722(3)
10.2959(2)
2.916(3)
2.991(3)
2.832(3)
3.004(3)
2.884(3)
3.047(3)

13.764(5)
12.358(5)
11.910(5)
11.4498(7)
11.1856(4)
10.3115(3)
2.916(6)
3.009(7)
2.816(6)
3.034(7)
2.910(7)
3.037(7)

Table 2 Selected distances and angles for the anion layer of the β’’-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts.

The β'' donor packing arrangement in Ru and Ir is isostructural with the previously reported Cr and Rh salts. 11 The two
independent donors adopt an AABBAABBAA arrangement within each donor stack (Fig. 4). At 110K the terminal
ethylene at one end of donor A is disordered. Table 3 lists the short sulphur -sulphur contacts in each salt, all of which
are ‘side-to-side’ between donors in neighbouring stacks. Using the equation reported by Guionneau et al.13 (Table 4)
we estimate a charge of 0.5 + for each donor which is in agreement with β''-(BEDT-TTF0.5+)2[(H2O)(NH4+)2M3+(C2O42)3].18-crown-6.

Fig. 4 BEDT-TTF layer of β”-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6. BEDT-TTF molecules are shown end
on with molecule A in red and B in blue.
Rh
Cr
Ru
Ir
Side-to-side contact/Å
S32…S50
3.2782 (13)
3.2456(18)
3.2838 (9)
3.3014 (18)
S30…S50
3.3273 (13)
3.2836(18)
3.3058 (9)
3.3172 (18)
S46…S53
3.3527 (12)
3.3326(17)
3.3490 (9)
3.3593 (17)
S46…S55
3.4873 (12)
3.4533(17)
3.4665 (9)
3.4734 (16)
S25…S43
3.5267 (13)
3.5213(18)
3.5315 (9)
3.5299 (18)
S20…S35
3.5712 (12)
3.5397(17)
3.5770 (9)
3.5831 (17)
S25…S38
3.5661 (13)
3.5500(19)
3.5450 (9)
3.5363 (17)
Table 3 S…S contacts at 110K for the β’’-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts.

Cr A
Cr B
Rh A
Rh B
Ru A
Ru B
Ir A
Ir B

a/Å
1.370
1.370
1.371
1.375
1.369
1.372
1.374
1.378

b/Å
1.740
1.744
1.749
1.752
1.738
1.741
1.739
1.743

c/Å
1.757
1.756
1.758
1.758
1.751
1.753
1.752
1.754

d/Å
1.349
1.346
1.366
1.361
1.356
1.354
1.350
1.352

δ
0.778
0.784
0.770
0.773
0.764
0.768
0.767
0.767

Q
0.54+
0.50+
0.60+
0.58+
0.64+
0.62+
0.62+
0.62+

Table 4 Average bond lengths in BEDT-TTF molecules of the β”-(BEDT-TTF)2[(H2O)(NH 4)2M(C2O4)3].18-crown-6
salts and approximation of charge on the molecules. δ = (b+c)-(a+d), Q = 6.347-7.463δ.13

TRANSPORT MEASUREMENTS
The previously reported Rh salt11 has a superconducting Tc of 2.7 K and shows a broad transition which does not reach
zero resistivity. The isostructural Cr salt11 has a superconducting Tc of ~4.0-4.9 K and a broad transition to zero
resistivity below 1.8 K. In contrast the isostructural Ru and Ir salts do not show superconductivity but instead undergo
a broad chemically-induced metal-to-insulator transition at 155 K for Ru and at 100 K for Ir (Fig. 5 and 6).
This is a remarkable difference considering the small differences between these four isomorphous salts. Th e most
notable difference between these salts is in their c axis length (Table 1) which is 0.055 Å longer in Rh compared to Cr.
Therefore, Rh has a bigger distance between conducting layers and is more two-dimenional in nature than Cr. We
previously reported that we believe the strong 2D nature of the Rh and Cr salts makes the superconducting transition a
Berezinski-Kosterlitz-Thouless (BKT) transition. 11 Zero resistivity is not observed for the Rh salt at the lowest
temperature of measurement (0.6K) but the data suggests that a perfect BKT transition may be possible at 0K. T he Cr
salt differs in that it shows zero resistivity at a finite temperature (1.8K) which suggests that a perfect 2D nature would
be expected in a salt having an insulating layer length intermediate between those of the Cr and Rh salts. The c axes of
the metal-insulator Ru (27.1422(5) Å) and Ir (27.1250(7) Å) salts are much shorter than those of the Cr (27.3786(15)
Å) and Rh salt (27.4339(11) Å).

Fig. 5 Temperature dependence of resistance for Rh, Cr, Ru and Ir. The onset of superconductivity is observed at
between 4.0 and 4.9K (Tzero ~1.8K) for Cr and at 2.7K for Rh. Metal-Insulator transitions occur at 155 K for Ru and at
100 K for Ir.

Fig. 6 Arrhenius plots for Ru and Ir.

Table 5 shows the three shortest metal-to-metal distances which represent the widths of the insulating layer. As expected from
the c axis values the width of the insulating layers decreases in the order Rh > Cr >> Ru > Ir, with superconducting Rh
(12.1489(8)-12.3922(7) Å) and Cr (12.1459(19)-12.3260(18) Å) having longer M…M distances compared to metal-insulator
Ru (12.1265(8)-12.2716(6) Å) and Ir (12.0889(9)-12.2516(6) Å). Since the direction of the c axis corresponds to the interlayer
direction, the difference of the electronic states may be expected to originate from dimensionality, i.e. interlayer interaction.
Distances / Å
Rh
Cr
Ru
THREE CLOSEST DISTANCES BETWEEN
12.1489 (8)
12.1459 (19)
12.1265 (8)
METAL OF THE TRISOXALATE ON ONE
12.2419 (7)
12.1925 (18)
12.1327 (9)
SIDE OF INSULATING LAYER TO METAL
12.3922 (7)
12.3260 (18)
12.2716 (6)
ON THE OTHER SIDE
Table 5 Width of anion layer of the β’’-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts.

Ir
12.0889 (9)
12.1079 (8)
12.2516 (6)

The separation of the donor layers is very large in these salts. Consequently, these systems rank among the better 2D metals
known so far. Since the direction of the c axis corresponds to the interlayer direction, the two superconducting salts (Rh, Cr)
should have better two-dimensionality compared with the two metal-insulating salts (Ru, Ir). The change from metal to
semiconductor regime in the latter can have several origins: (i) a Peierls transition, (ii) an electron localization due to disorder,
(iii) an electronic localization induced by some structural modification occurring in the anionic layer, and (iv) BerezinskiKosterlitz-Thouless effects. The very broad nature of the transition rules out a Peierls transition. Moreover, the observed SdH
oscillation of the Cr salt11 indicates the existence of a two-dimensional Fermi surface whose cross-sectional area is almost
equivalent to that of the other β”-type salts.7 The likeliness of the other three possibilities is discussed in the next section.

ELECTRONIC STRUCTURE
The donor layers of the β''-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 (M = Rh, Cr, Ru, Ir) salts contain two
symmetry nonequivalent donors (A and B) and eight different donor…donor interactions labeled I to VIII in Fig. 7. As for any
β'' salt there are three different types of interactions:14 (a) along the stacks (I to III in Fig. 7), (b) lateral π-type interactions (IV
to VI), and (c) along the step-chains (VII and VIII). The strength of the different HOMO…HOMO intermolecular interactions
can be assessed from the so-called |βHOMO-HOMO| interaction energies.15 Those calculated for the four salts Rh, Cr, Ru, Ir are
reported in Table 6. As usual, the HOMO…HOMO interactions along the step-chains are the stronger ones and those along
the lateral π-type interactions are still very sizable (i.e., around 60% of those along the step-chains). In contrast with other β''
salts of BEDT-TTF and similar anionic layers,16,17 the interactions along the stacks are clearly weaker. In terms of these
HOMO…HOMO interactions the present salts are quite similar to the β''-type molecular superconductor β''-(BEDTTTF)4Kx(H3O)1-x[Ru(C2O4)3]C6H5Br (x~0.8).18 As for this salt the HOMO energies of the two different donors in the four new
salts are very similar, differing by only ~0.01 eV. Because of this fact, and since both the interactions along the step-chains
and the π-type interactions are substantial, these salts should be two-dimensional conductors.

Fig. 7 Donor layer with the different donors and intermolecular interactions labeled.

Interaction
Interaction
Rh
Cr
Ru
I
(B-B)
0.0877
0.1003
0.0911
II
(A-A)
0.0392
0.0465
0.0252
III
(A-B)
0.1461
0.1569
0.1373
IV
(A-A)
0.1641
0.1743
0.1657
V
(A-B)
0.1588
0.1670
0.1616
VI
(B-B)
0.1129
0.1177
0.1140
VII
(A-B)
0.2555
0.2640
0.2628
VIII
(A-B)
0.2403
0.2477
0.2484
Table 6 |βHOMO-HOMO| interaction energies (eV) for the different donor···donor interactions in the β”-(BEDTTTF)2[(H2O)(NH4)2M(C2O4)3].18-crown-6 salts.

Ir
0.0968
0.0235
0.1385
0.1598
0.1593
0.1113
0.2676
0.2496

The calculated band structures for the Rh (room temperature metal and superconductor at low temperature) and Ru (room
temperature metal but semiconducting at low temperature) salts are reported in Figures 8a and 9a, respectively. Those for the
Cr and Ir salts are reported in the Supplementary information (Figs. S1a and S2a, respectively). All these band structures are
very similar. According to the stoichiometry there must be two holes within the four HOMO bands. Since the two upper bands
of all the salts overlap they must be both partially filled and the salts should exhibit a metallic behavior. This is in agreement
with the transport measurements for the four salts at room temperature.

Fig. 8 Calculated band structure (a) and Fermi surface (b) for the donor layers of ”-(BEDT-TTF)2[(H2O)(NH4)2Rh(C2O4)3].18crown-6 where  = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2) and S = (-a*/2, b*/2).
The Fermi surfaces associated with the partially filled bands are reported in Figures 8b and 9b, respectively. Those for the Cr
and Ir salts are reported in the Supplementary information (Figs. S1b and S2b, respectively). These Fermi surfaces, as it is
the case for most β''-type salts,14 result from the hybridization of a series of superposing ellipses with an area of 100% of the
cross-section of the Brillouin zone. The Fermi surface of the Rh (Fig. 8b) and Cr (Fig. S1b) salts contain closed electron
pockets around M (S) and hole pockets around X. The area of these pockets is ~11% of the cross-section of the Brillouin zone.
The Fermi surfaces of the Ru (Fig. 9a) and Ir (Fig. S2b) are slightly different in that the pockets around M (S) communicate

through the Y point although the separation between the two lines around Y is so narrow that it is not clearly seen from the
figures. The area of the closed pockets for these salts is ~13% of the cross-section of the Brillouin zone. Note that the Fermi
level cuts the upper band of Figs. 9a and S2a very near Y thus leading to the warped open line along the a* direction. In
contrast, the Fermi level is in the small gap at Y in Figs. 8a and S1a thus leading to closed pockets around M and S. The
differences between the two series of Fermi surfaces could in principle be probed by magnetoresistance experiments. However,
the differences are very small and should not be overemphasized. Magnetoresistance measurements need to be carried out at
very low temperature and consequently, the thermal contraction below 110 K (the temperature of the crystal structure
determination) may lead to structural variations and thus changes of the Fermi surface larger than those reported in our
calculations.

Fig. 9 Calculated band structure (a) and Fermi surface (b) for the donor layers of ”-(BEDT-TTF)2[(H2O)(NH4)2Ru(C2O4)3].18crown-6 where  = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2) and S = (-a*/2, b*/2).

The Fermi surfaces of the four salts do not exhibit nesting properties so that the metallic state should be preserved until
low temperatures. This is certainly the case for the Rh and Cr salts but not for the Ru and Ir ones. Neither the nature
of the HOMO …HOMO interactions nor the band structures and Fermi surfaces of the four salts exhibit any significant
difference that could clearly justify the different behavior of the two pairs of salts. In addition, the metal -insulator
transition of the Ru and Ir salts are very broad, clearly indicating that the transition must not have a structural origin
mostly affecting the BEDT-TTF layers where the electron and hole carriers occur. The most likely reason for the broad
metal-insulator transition is an electronic localization in the donor layers. We note that along the
…B…A…A…B…B…A… chains, interaction II (A …A) is very small and interaction I (B …B), although larger, is also
clearly weaker than interaction III (A …B). In contrast, interactions along the step-chains and the lateral π-type
interactions are more uniform. This may indicate a tendency towards electronic dimerization along the chains by locating
the holes in the A …B pairs (i.e. a chain of Mott dimers). Disorder in the donor layers is often the origin of electronic
localization in organic conductors. However, the degree of disorder in the present case is larger for the two salts not
undergoing the metal-insulator transition (50:50 (Rh) and 59:41 (Cr) versus 70:30 (Ru) and 70:30 (Ir)). Thus, if our
hypothesis is correct, the source of disorder must not be in the donor layers but in the region between these layers. As
a matter of fact, structural transitions affecting mainly the anion layers have often been reported for different β ''-(BEDTTTF)4H3O[Fe(C2O4)3]. Guest salts where Guest is a solvent molecule. 16,17 We note that in the present salts there are

several quite short C-H…O contacts linking the BEDT-TTF donors and the anion layer so that structural changes in the
anion layer could subtly be transmitted to the donor layers. In addition, the two salts undergoing the metal -insulator
transition are associated with smaller interlayer c parameters than those keeping the metallic character suggesting that
they are more constricted and their donor layers more sensitive to structural changes in the anion layers. Structural work
as a function of temperature for the two series of salts will be performed to test our suggestion.
However, there is another interesting possibility. All salts are isomorphous and therefore their anionic layers are very similar.
The X-ray results indicate that their degrees of the disorder are not very different, which usually should not give any difference
in interactions between cationic and anionic layers. Moreover, the Shubnikov–de Haas oscillation indicates that the electronic
system is in a clean-limit. However, the subtle difference in the interlayer c axis (approximately 1% shorter) sometimes
provides a large difference in physical properties, especially when the system is located on or near the border of some phases.
We believe that the phase boundary is very different from a conventional one in the present case. We believe that the Cr and
Rh salts do not show normal bulk superconductivity as observed in most organic conductors but instead show BerezinskiKosterlitz–Thouless (BKT) superconductivity. This implies that the insulating ground states in the Ir and Ru salts could also
have a BKT-like ground state, which is very different from previously reported ones that are observed in normal quasi-2D
organic conductors. In the circumstance, the nature of the boundary, which may be between BKT superconductivity in the
pure 2D system and a BKT-like ordering state in the quasi-2D system, should also be very different from conventional ones.
However, we have no information about the details of the semiconducting state even though the slight change of the interlayer
coupling may play an important role for the competition between the BKT superconductivity and the ordering states. Therefore,
a better knowledge of the BKT superconducting state and other BKT states is needed. For researchers in the field of organic
conductors, it is commonly accepted that the larger the counter-ion, the poorer the conductivity. The results reported here
imply that, if BKT effects are important, pure 2D organic conductors have metallic or superconducting ground states. Research
into BKT states in organic conductors is only just now starting. Work leading to the preparation and characterization of
isomorphous salts may provide very useful hints on the nature of BKT states. This work is now in progress.

EXPERIMENTAL DETAILS
Rh, Cr: reported previously11
Ru, Ir: ammonium tris(oxalato)metallate (200mg) was dissolved with the aid of 18-crown-6 (250mg) in acetophenone: 1,2,4trichlorobenzene: ethanol (10:10:1ml) and filtered into the anode side of a two-compartment H-shaped electrochemical cell
which contained BEDT-TTF (10mg).
After passing a current (1.0 μA) through the solution for 21 days in dark and vibration-free conditions a large amount of black
needle-shaped single crystals had grown and were collected with a scalpel.
Interlayer electrical resistivity measurements were performed on single crystals down to 1K using the AC four-probe method
using carbon paint and φ10 μm gold wires.
Crystal data: Ru: C38H50N2Ru1O19S16, M = 1452.85, black needle, a = 10.2959(2), b = 11.1722(3), c = 27.1422(5) Å, α =
86.329(6), β = 82.859(6), γ = 64.347(5)°, U = 2792.35(15) Å3, T = 110 K, space group P-1, Z = 2, μ = 0.951 mm-1, reflections
collected = 27196, independent reflections = 12708, R1 = 0.0328, wR2 = 0.0813 [F2 > 2(F2)], R1 = 0.0408, wR2 = 0.0847
(all data).
Crystal data: Ir: C38H50N2Ir1O19S16, M = 1544.00, black needle, a = 10.3115(3), b = 11.1855(4), c = 27.1250(7) Å, α =
86.213(6), β = 82.827(6), γ = 64.215(5)°, U = 2794.78(18) Å3, T = 110 K, space group P-1, Z = 2, μ = 3.065 mm-1, reflections
collected = 26988, independent reflections = 12712, R1 = 0.0465, wR2 = 0.1033 [F2 > 2(F2)], R1 = 0.0634, wR2 = 0.1089
(all data).
CCDC 1892600 and 1892602 contains supplementary X-ray crystallographic data for Ru and Ir, respectively. This data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, Union Road, Cambridge, CB2 1EZ; fax(+44) 1223-336-033 or email: deposit@ccdc.cam.ac.uk.

COMPUTATIONAL DETAILS
The tight-binding band structure calculations19 were of the extended Hückel type. A modified Wolfsberg-Helmholtz formula
was used to calculate the non-diagonal H values.20 All valence electrons were taken into account in the calculations and the
basis set consisted of Slater-type orbitals of double- quality for C 2s and 2p, S 3s and 3p and of single- quality for H 1s.
The ionization potentials, contraction coefficients and exponents were taken from previous work. 21

CONCLUSIONS
The series of salts β”-(BEDT-TTF) 2[(H2O)(NH 4)2M(C2O4)3].18-crown-6 show ambient-pressure superconductivity
when M = Cr or Rh 11 and evidence indicates that they show a bulk Berezinski-Kosterlitz-Thouless superconducting
transition. 12 The distance between neighbouring conducting layers is the widest found in a radical-cation salt having just
the one BEDT-TTF packing type (β”). The isostructural ruthenium and iridium salts are reported here for the first time.

The iridium salt represents the first radical-cation salt to contain a 5d tris(oxalato)metallate anion. Both of these salts
do not show superconductivity but instead undergo a broad chemically-induced metal-to-insulator transition at 155 K
for ruthenium and at 100 K for iridium. The c axes of the Ru and Ir salts are much shorter than those of the Rh and Cr
salts. Since the direction of the c axis corresponds to the interlayer direction, the difference of the electronic states is
expected to originate from dimensionality, i.e. interlayer interaction. The two superconducting salts should have better
two-dimensionality compared with the two metal-insulator salts. Very small differences in the Fermi surfaces are
observed between the Rh and Cr salts versus the Ru and Ir salts. The metal-insulator transition of the Ru and Ir salts
may originate from changes in the anionic layers which are more easily transmitted to the conducting layers for these
more constricted salts. However it can also originate from BKT effects.
We are continuing our studies on this β”-(BEDT-TTF) 2[(H2O)(NH4)2M(C2O4)3].18-crown-6 family by synthesising new
salts with other metal centres or crown ethers. We are also performing resistivity measurements under pressure on the
Cr salt, and using chemical pressure by doping Cr with Ir to produce salts with intermediate c axis lengths, to explore
the transition from superconductor to semiconductor.

SUPPORTING INFORMATION
Calculated band structure and Fermi surface for the donor layers of Cr and Ir.
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