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Organic Superconductor and Quantum Spin Liquid: κ -(ET) 2M2 (CN) 3 (M = Cu, Ag)
Gunzi Saito*1, Yukihiro YoShida*2, takaaki hiramatSu*2, akihiro otSuka*3,
mitsuhiko maeSato*3, Yasuhiro Shimizu*4, hiroshi ito*4, Yuto Nakamura*4,
hideo kiShida*4, masashi WataNabe*5 and reiji kumai*6
the quantum spin liquid (QSL) that originates from the geometrical spin frustration in a triangular
magnetic lattice, was proposed theoretically in 1973. in 2003, the first QSL candidate was manifested in
a dimer-type mott insulator, κ-(et)2Cu2(CN)3 (1), where et is an electron donor, bis(ethylenedithio)
tetrathiafulvalene and [Cu2(CN)3–]∞ is a two-dimensional polyanion. based on the key–keyhole strategy,
i.e., the geometrical relation between (et)2+ with a single spin site and an anion opening in [Cu2(CN)3–]∞,
a new QSL candidate, κ-(et)2ag2(CN)3 (2), with different key–keyhole relation was prepared. Similar to
1, salt 2 with a nearly equilateral triangular magnetic lattice and strong electron correlation demonstrates
a superconducting state next to the QSL state under pressure. however, the different key–keyhole relation
leads to a higher superconducting critical temperature and a more robust QSL state over a wider pressure
range compared to 1.
●

1. Introduction
Spin-frustrated materials based on geometrically localised
spins 1, 2) have been of great interest to materials scientists
because a conventional long-range magnetic ordering is
suppressed, resulting in a novel quantum spin liquid (QSL)
state2). the QSL state is thought to have a ground state
comprising many degenerate states 1). thus, such a system
retains finite entropy even at absolute zero temperature. to
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construct such a frustrated system, as an example, a triangular magnetic lattice (tmL) geometry (Fig. 1a)3, 4) subject to
contradictory constraints is necessary, where the direction of
the third spin having antiferromagnetic (aF) exchange interactions is not determined a priori among the three spins.
the first QSL candidate, κ-(et)2Cu2(CN)3 (1, et = bis
(ethylenedithio)tetrathiafulvalene; Fig. 1b)5), is a dimer-type
mott insulator in which (et)2+ has an S = 1/2 spin and
[Cu2(CN)3–]∞ is a diamagnetic polymeric anion. Salt 1 has
strong electron correlation, as indicated by U/W = 0.93, which
is close to the mott boundary, U ≈ W 6), where U and W are
the on-site Coulomb repulsion energy and bandwidth, respectively. the localised spins on (et)2+ form a nearly equilateral
tmL in terms of the interdimer transfer integrals, t′/t (= 1.09),
as shown in Fig. 1c, and the QSL state was confirmed experimentally down to 20 mk7. under pressure8–10), a superconducting (SC) state appears next to the QSL state. 13C Nmr
●

●
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another QSL candidate recently obtained, κ-(et)2ag2(CN)3
(2)18), with a higher SC critical temperature Tc (5.2 k) and a
robust QSL state with a higher SC critical pressure Pc (1.05
GPa) compared to those for 1 (Tc = 3.9 k, Pc = 0.36 GPa)10).
Fig. 1 (a) triangular spin geometry exhibiting strong spin frustration,
where red arrows indicate the spin.
(b) et molecular structure.
(c) a schematic of the triangular magnetic lattice of dimer-type
mott insulators, κ-(et)2X (X: monoanion). Green ellipsoids
indicate et molecules viewed along the molecular long axis,
and black circles represent et dimers with single spin sites.
the ratio t′/t represents the shape of the isosceles triangular
magnetic lattice, where t and t′ are interdimer transfer
integrals.

measurements (13C enriched at the central C=C bond of et)
under pressure strongly suggest d-wave SC symmetry11). thus,
1 exhibits a competition between the localised, frustrated,
itinerant and exotic pairing of spins12).
Since the discovery of the QSL state in 1, several QSL
candidates based on triangular or kagome lattices have been
reported 4, 13–17). Notably, except for 1, none of the QSL candidates reported thus far exhibit SC behaviour. here, we report

2. Results and Discussion
Single crystals of 2 were prepared by galvanostatic
electrooxidation of et. the temperature dependence of the
lattice parameters and the anion structures clearly show no
structural phase transitions or static charge disproportionation
of et in the investigated temperature range (8 k–rt). First
we describe guiding principles for QSL materials with a
nearby SC state for dimer-type et solids, κ-(et)2X (X:
monoanion)19). We observed that the planar tridentate coordination of diamagnetic Cu(i) ions in [Cu2(CN)3–]∞ is the main
driving force for the two-dimensional (2d) tmL composed
of partially charged (et)2+ in 1. the planar polymeric anion,
[Cu2(CN)3–]∞, has openings, and the arrangement of the anion
openings is triangular because of the planar tridentate coordination of Cu(i) ions (Fig. 2a). the geometrical fit between a
spin site (et)2+ and the anion opening results in a tmL
●

●

Fig. 2 (a) Crystal structure of 1 viewed along the a axis.
(b) Crystal structure of 2 viewed along the [101] direction. red triangles in (a) and (b) are the triangular magnetic lattice.
(c) infinite zigzag chains of –ag–CN–ag–CN– or –ag–NC–ag–NC– along the b axis (two chains are represented by blue thick lines) are
connected by disordered CN (indicated by C/N) groups along the c axis to form an anion opening. q1, q2 and q3 are the coordination angles
around the ag(i) ion.
(d) Projected view of et molecules along the molecular long axis for 2 with transfer interactions (t b1, t b2, tp and tq) at rt, where U = 2|t b1|, t′
= |t b2|/2 and t = (|tp| + |tq|)/2. the pair of blue ellipsoids correspond to two orthogonal et dimers (et) 2+.
(e) Calculated Fermi surface of 2 at rt. black dotted and red solid lines indicate 1d electron-like and 2d cylindrical hole-like Fermi surfaces,
respectively. the following color scheme is employed.
H : light grey, C: grey, N : blue, S: green, Cu and Ag: red.
●
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according to a key–keyhole relation, where the key is the spin
site (et)2+ and the hole is the anion opening. to realize a QSL
state, the band parameters U and W (hence U/W) and t′/t are
tuned by the kind of transition metal, the sizes and shapes of
ligands and the connectivity of ligands to central metals. then
we adjust intentionally or unintentionally the magnitudes of
t′/t and U/W to allocate the spin-frustrated tmL near mott
boundary, which may exhibit a competition between the
localised, itinerant (metal or SC) and frustrated states. therefore, a search for partially charged salts having a triangular
key–keyhole relation, residing close to the mott boundary (U
~ W) in the insulating side and having strong spin frustration
(t′/t ~ 1) is the essential guiding principle for QSL materials
with a nearby SC state.
Figures 2a and 2b show the layered structures of 19, 10, 19)
and 2,18) respectively. the 2d conducting et layer is
sandwiched between the insulating anion layers. the anions
m2(CN)3 (m(i) = Cu, ag) polymerise, resulting in the formation of a 2d anion network. the infinite zigzag chains along
the b axis composed of m(i) and CN− (–m–CN–m–CN– or
–m–NC–m–NC–; two chains are depicted in blue thick lines
in Fig. 2c for 2) are connected by disordered CN− groups
(indicated by C/N) to form anion openings with a rectangular
shape for 2 and a hexagonal shape for 1. the rectangular
shape for 2 arises from the t-shaped coordination around
ag(i). the angle q3 (160.8°) is very large relative to the other
two angles, q1 (104.4°) and q2 (93.8°), whereas the corresponding angles for 1 are approximately equivalent. the large
ionic radius of ag(i) (1.29 Å for a six-coordinate system20))
relative to that of Cu(i) (0.91 Å for a six-coordinate system20))
and the different connectivity of m(i) affords a smaller anion
opening area for 2 (19.5 Å2 for 1 vs. 15.8 Å2 for 2).
et molecules are arranged in a κ-type packing motif of
orthogonal (et)2+ dimers (encircled by blue ellipsoids in Fig.
2d). the transfer integrals between et molecules are calculated on the basis of the extended hückel calculation21); the
band parameters for 2, together with those for 119, 22), are
summarised in Table 1. Similar et packing and equivalent
●
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Table 1 band parameters by extended hückel method for κ -(et)2m2
(CN)3 (m = Cu (1) and ag (2)) at typical temperatures

m

19, 22)

Cu (1)

ag (2)

T/k

t'

t

/ meV / meV

t'/t

U

W

/ meV / meV

U/W

300

57.4

52.6

1.091

449

483

0.929

100

56.8

52.9

1.074

483

480

1.005

005

59.0

53.1

1.111

499

487

1.025

300

49.0

50.6

0.967

465

446

1.043

100

48.8

53.5

0.913

518

460

1.126

008

49.0

54.2

0.903

535

465

1.151
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crystal symmetry (P21/c) for 1 and 2 result in similar calculated Fermi surfaces (Fig. 2e for 2) and energy dispersion.
even though both 1 and 2 have similar alternate stacking
of et layers and anion layers (//a), the relative orientation
between the anion opening and (et)2+ differs substantially
in each salt. Figures 2a and 2b clearly show the formation of
tmL drawn in red for the transfer interactions, t (= (| tp| + | tq|)
/ 2) and t′ (= |tb2| / 2), derived from the geometrical fit using
the key–keyhole relation that gives the ratio t′/t = 1.09 for 1
and 0.97 for 2. the key–keyhole relation in 1 is characterized
as key-on-hole type when viewed along the a axis where the
neighbouring polymerized anions are eclipsed. Such a relation
is commonly observed for SC salts κ-(et)2CuL1L2, in which
the ligand L1 links Cu(i) to form infinite zigzag chains whereas
the ligand L2 attaches to Cu(i) as a pendant ligand or connects
the infinite chains (CuL1L2 = Cu(NCS)223), Cu[N(CN)2]Cl24),
Cu[N(CN)2]br 25), Cu[N(CN)2]i26), and Cu(CN)[N(CN)2]27)).
Similar relation was also found for the recently reported ag(i)containing SC salt κ-(et)2ag(CN)[N(CN)2] with t-shaped
connectivity28).
For 2, the key–keyhole relation is different from that of
1. When viewed through the eclipsed polymerized anions,
the et dimers in 2 are not located on the anion opening, but
on the top of the rim of the anion opening near the disordered
cyano group (Fig. 2b). although the key-on-rim type key–
keyhole relation in 2 differs from the key-on-hole relations
in κ-(et)2CuL1L2 and κ-(et)2ag(CN)[N(CN)2], the geometrical pattern of the anion openings apparently serves as a
template for the tmL. the difference in the key–keyhole
relation results in the difference in band parameters, W, U,
and density of states at the Fermi level D(εF), between 1 and
2. before that, the temperature dependences t′/t and U/W are
discussed to clarify the reason why 1 and 2 keep the strong
spin frustration and electron correlation down to low temperatures, in contrast to those of other κ-(et)2X.
the temperature dependence of t′/t (Fig. 3a) is related to
the thermal changes in the crystal lattice and is therefore partly
explainable by the kinds, shape and packing pattern of the
anion species. κ-(et)2X salts having 1d infinite anionic zigzag
chains such as X = Cu(NCS)2, Cu[N(CN)2]Cl, Cu[N(CN)2]
br, Cu(CN)[N(CN)2], and ag(CN)[N(CN)2] exhibit little
temperature dependence of t′/t down to 100 k (|Δt′/t| < 10%),
because of the weak anisotropy in lattice elasticity of the
polymeric anion layers. in contrast, κ-(et)2X salts with bulky
non-planar discrete anions such as X = CF3So3 (t′/t = 1.79)31)
and b(CN)4 (t′/t = 1.42)32) give large t′/t values and exhibit
significant temperature dependences. For the tmL of 1 and
2, their geometries remain highly frustrated down to low
●
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Fig. 3 temperature dependence of (a) t′/t and (b) U/W for 1 and 2
compared with those of aF salts X = Cu[N(CN) 2]Cl (TN = 27
k and Tc = 12.8 k at 0.03 GPa) 24, 33, 34) and CF3So3 (TN = 2.5 k
and Tc = 4.8 k at 1.3 GPa)31), SC salts X = Cu(NCS) 2 (Tc = 10.4
k) 23), Cu[N(CN) 2]br (Tc = 11.8 k) 25) and a valence bond solid
X = b(CN) 432), where TN is the Néel temperature. For (a), the
spin lattice forms a 2d square lattice in the smaller t′/t region
and a 1d linear lattice in larger t′/t regions. Spin frustration is
expected to maximize at t′/t = 1. For (b), the electron correlation,
U/W, increases at low temperatures in all of the salts. the low
temperature data below 100 k were calculated based on the
crystal structure reported by other laboratories for X =
Cu[N(CN) 2]Cl29), Cu[N(CN) 2]br 30), and Cu2 (CN)322).

temperatures (t′/t = 1.09–1.11 for rt–5 k for 1 and 0.97–0.90
for rt–8 k for 2), giving rise to a stable QSL state.
Salts with the aforementioned polymeric anions have
distorted isosceles with t′/t ≤ 0.8819) approaching a 2d square
magnetic lattice, whereas salts with bulky non-planar discrete
anions also have distorted isosceles but with t′/t > 1.4 approaching a 1d linear magnetic lattice. both t′/t values deviate from
the highly spin-frustrated regime, i.e., κ-(et)2Cu[N(CN)]2Cl
with a small t′/t (0.72) and κ-(et)2CF3So3 with a large t′/t
undergo a long-range aF ordering at 27 k33, 34) and 2.5 k31),
respectively. in the case of κ-(et)2b(CN)4, the spin frustration
is not substantial; however, the moderate frustration may be
responsible for a phase transition from a QSL state to a spinsinglet valence bond solid state at 5 k32).
We next examine the structural parameters characterising
W, U and U/W to control the mott boundary and D(εF).
Compared with 1, the smaller anion opening in 2 would result
in a larger W since the larger t and t′ are expected. however,
in fact, the W for 2 is smaller than that for 1. the less dense
packing of (et)2+ in 2 owing to the key-on-rim type key–
keyhole relation, which provides considerably smaller t′ than
those for the key-on-hole type 1 (Table 1), is responsible for
the smaller W. the anion layer area, defined as the unit area
in the bc plane, is a good structural parameter to assess the
packing density of (et)2+. the anion layer area of 2 (116.7
Å2) is a little larger than that of 1 (115.0 Å2), indicating a
slightly looser packing of (et)2+ in 2. therefore, the W of 2
is slightly smaller and the U of 2 is slightly larger than those
of 1 down to low temperatures (Table 1), that suggest that the
●

●
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D(εF) and hence the Tc of 2 will be higher than those of 1.
actually, a small but significant difference exists in the calculated D(εF) value at low temperatures between 1 (1.06 states
eV–1 spin–1 at 5 k) and 2 (1.18 states eV–1 spin–1 at 8 k).
Figure 3b shows the temperature dependence of U/W to
examine the mott boundary in κ-(et)2X. in general, κ-(et)2X
salts presented in this paper exhibit an increase in U/W to
some extent upon cooling (≤11.3% down to 100 k) mainly
because of an increase in dimerization energy. the magnitude
of the increase in U/W is variable among the salts and is
mainly ascribed to the temperature dependence of U, and that
is related with the temperature dependence of geometries of
et dimer since U = 2|tb1| within the dimer model approximation35). Salts 1 and 2 exhibit a similar and considerable increase
in U/W associated with an increase in U by 7.6–11.4% and
temperature-insensitive W down to 100 k. Such a remarkable
enhancement of U/W was also observed for X = Cu(NCS)2
and b(CN)4 for the same reason (8.8–11.3% down to 100 k).
in contrast, the salts X = ag(CN)[N(CN)2], Cu(CN)[N(CN)2],
Cu[N(CN)2]br, and Cu[N(CN)2]Cl exhibit a slight increase
in U/W down to 100 k (≤ 5.7%). Within our extended hückel
calculations, a boundary between localisation (mott insulators
such as X = CF3So3, Cu[N(CN)2]Cl, Cu2(CN)3, ag2(CN)3,
and b(CN)4) and itinerancy (metals such as X = ag(CN)
[N(CN)2], Cu(CN)[N(CN)2], Cu(NCS)2, and Cu[N(CN)2]br)
is defined at around U/W = 0.94 at low temperature. this
value approaches the generally anticipated mott boundary of
U/W ≈ 16, which amounts to a 5.6% increase from the rt
value (0.89). thus, both 1 and 2 maintain strong electron
correlation with 2 residing a little far away from the mott
boundary compared with 1 down to less than 10 k (Fig. 3b).
the physical properties of 1 have been reported by
us5, 7, 8, 10–12) and by other groups9, 13, 22, 36–38), whereas those of
2 were very recently published18, 39.40). here, we describe only
the essential issues emphasising that a competition among
the localisation and itinerancy of electrons, spin frustration
and spin pairing to achieve an SC state is a characteristic
feature of QSL candidates 1 and 2. the 1h Nmr data down
to 32 mk for 15) and 120 mk for 218) indicate no appearance
of an internal magnetic field caused by a long-range aF ordering. the rt static magnetic susceptibility (χ) of 2 (6.4 × 10–4
emu mol–1) is higher than that of 1 (4.7 × 10–4 emu mol–1)5),
reflecting the slightly increased U and D(εF) in 2. the χ value
of 2 increases gradually upon cooling, exhibiting a broad peak
at approximately 50 k, and then decreases smoothly. on the
basis of the heisenberg triangular aF lattice model41), the
temperature dependence of χ gives the value for the aF
exchange interaction, |J|/kb = 175 k for 218) vs. 250 k for 15),
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where J and kb are the aF exchange interaction and boltzmann
constant, respectively. in addition, 1 and 2 behave as semiconductors with comparable conductivities and activation
energies (σrt = 2 S cm–1 and εa = 50–88 meV for 2 vs. σrt =
3–7 S cm–1 and εa = 36–43 meV for 1)10), indicating that both
salts are closer to the itinerant region than typical dimer-type
mott insulators such as β ′-(et)2iCl2 (U/W = 2.06, σrt = 3 ×
10–2 S cm–1 and εa = 120 meV)42). the smaller activation
energy of 1 compared with that of 2 suggests that salt 1 more
closely approaches the mott boundary. Similar to 1, salt 2
undergoes a phase transition from the QSL to metallic state
under an applied hydrostatic pressure greater than 0.99 GPa
and to the SC state with an onset Tc of 5.2 k at 1.05 GPa18)
vs. onset Tc of 3.9 k at 0.36 GPa for 110). the phase transition
from the QSL to metallic state shows positive pressure dependence, similar to that observed in 143), which confirms residual spin entropy in the QSL state. relative to 1, the higher Tc
for 2 is consistent with the higher expected D(εF) corresponding to the narrower W for 2. Notably, the QSL state in 2 covers
a wider pressure range by about 0.6 GPa than 1, because 2
resides far away from the mott boundary in the localised
phase.
in summary, we have prepared a new QSL candidate 2
with the key-on-rim type key–keyhole relation between (et)2+
(key) and an anion opening in a diamagnetic 2d polyanion
[ag2(CN)3–]∞ (keyhole). Such a key–keyhole relation has
played a critical role in the development of these systems,
because it allows the controllability of spin frustration t′/t and
electron correlation U/W via the choice of anion species. this
is the practical strategy to develop the tmL and eventually
QSL system by arranging the magnetic species using the
appropriate supramolecular architectures.
●
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