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 The present status of the organic and inorganic quantum spin liquid (QSL) systems based on the 
spin-frustrated geometries of triangle, honeycomb, kagome, hyperkagome, and hyperhoneycomb structures 
is presented. No QSL systems have been developed yet based on a diamond spin lattice though intriguing 
spin state such as spiral spin liquid is known in inorganic material. The ET●+ molecules in (ET●+)Ag4(CN)5 
form a three-dimensional (3D) diamond spin-lattice with S = 1/2, yielding a geometrical spin-frustrated 
system when the spins are localized, though a metallic nature has been proposed based on both band 
calculation and electron spin resonance measurements, where ET is bis(ethylenedithio)tetrathiafulvalene. 
The planar anion layer [Ag4(CN)5

–]∞ is composed of infinite zigzag chains of alternating Ag1+ and CN1–. 
These chains are connected by the disordered CN1–, which creates large anion openings. Each ET●+ molecule 
is confined in one of these openings. We observe that the salt is a Mott insulator. 1H NMR reveals a divergent 
peak due to the 3D antiferromagnetic spin ordering at TN = 102 K, above which a quantum critical behavior 
due to a strong spin-frustration is observed. The crystal and band structures, absorption spectrum, and 
conductivity, magnetic, and NMR measurements reveal that this salt is the first example of a weak 
ferromagnetic diamond spin-lattice among the organic charge-transfer solids.

1. Introduction
 The quantum spin liquid (QSL) state is a spin-disordered 

insulating state stemming from geometrical spin-frustration, 

as proposed theoretically for a spin-1/2 Heisenberg anti -

ferromagnet (AF) of a triangular lattice in 1973.1) Such an 

insulator has been predicted to have no long-range spin order-

ing, even at 0 K, and a ground state with many degenerate 
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states.2) Spin-lattice geometries with triangular, kagome, 

honeycomb, and hyper-kagome and -honeycomb, which are 

the three-dimensional (3D) version of kagome and honey-

comb, respectively, are the main spin-frustrated systems (Figs. 

1a–1d, Tables 1–3).3, 4) A characteristic feature of a strongly 

spin-frustrated system is the temperature insensitive behavior 

of spin susceptibility and NMR relaxation rate over a wide 

temperature range above the spin freezing AF or valence-bond-

solid (VBS) ground state.5) F

 Several parameters have been known to feature the strong 

spin-frustration and stable QSL state such as Weiss tempera-

ture ΘW, AF magnetic exchange interaction |J|, and the frustra-

tion index f (= |ΘW|/Tm, where, Tm is the magnetic ordering 

temperature3)). Ramirez proposed that a system with f > 10 
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Fig. 1 (a–d) Geometries of spin lattices with strong spin-frustration: (a) triangle, (b) kagome, (c) honeycomb, and (d) hyperkagome. (e–1) Molecules 
in Text. (e) BEDT-TTF (ET) molecule. (f ) [Pd(dmit)2]

2– anion molecule. (g) H2Cat-EDT-TTF molecule. (h) Oxalate dianion C2O4
2– molecule. 

( i ) Pyrazine molecule. (j) TCNE molecule. (k) DCNQI molecule. ( l ) Naphthalene diimide-∆ molecule. Red arrows in (a) indicate spins and 
the direction of the third spin is not settled by the geometrical spin-frustration.

Table 1   Organic QSL systems
materials spin species, S, spin-lattice, z sample Te |Θ W|/K |J|/kB f Ts Ref

κ -(ET)2Cu2(CN)3 ET1/2+, 1/2, triangle, z = 6 single 0.20 mK 375 250 1.8 × 104 250 mK 06

κ -(ET)2Ag2(CN)3 ET1/2+, 1/2, triangle, z = 6 single .120 mK 263 175 2.2 × 103 175 mK 07
EtMe3Sb[Pd(dmit)2]2 [Pd(dmit)2]1/2–, 1/2, triangle, z = 6 single 19.4 mK 325–375 220–250 1.7 × 104 220 mK 08

κ -H3(Cat-EDT-TTF)2 (H2Cat-EDT-TTF)1/2–, 1/2, triangle, z = 6 single .050 mK 120–150 080–100 2.4 × 103 080 mK 09
Cs (phenanthrene) (phenanthrene)–, 1/2, corner shared triangle chain powder .11.8 K — 77.9 (3) — 078 mK 10
(TBA)1.5(naphthalene diimide-∆) (naphthalene diimide-∆)–1.5, 1/2, hyperkagome, z = 4 single .070 mK 015 — 2.1 × 102 .7.5 mK 11

(Te : lowest probed temperature, ΘW : Weiss temperature, J : magnetic exchange interaction,  f : frustration index defined by f = |ΘW|/Tm, Tm : magnetic ordering tempera ture, 
Ts = |J |/103kB, z : average coordination of magnetic spins, — : data not available)

 Table 2   Inorganic QSL systems

materials spin species, S, spin-lattice, z sample Te |Θ W|/K |J|/kB f Ts Ref

Ba3NiSb2O9
Ni2+, 1, triangle, z = 6, 6H-B phase powder 350 mK 075.6 — 2.2 × 102 20 mK 12
Ni2+, 1, triangle, z = 6, 3C phase powder 350 mK 182.5 — 5.2 × 102 46 mK 12

YbMgGaO4 Yb3+, 1/2, triangle, z = 6 single 30 mK 4.78 (⊥) — 1.6 × 102 3 mK 13
Sc2Ga2CuO7 Cu2+, 1/2, triangle, z = 6 poly 50 mK 044 0035 8.8 × 102 35 mK 14
LiZn2Mo3O8 Mo3O13 cluster, 1/2, triangle, z = 6 pellet 50 mK 14 < 96 K — 4.4 × 103 9 mK 15
1T-TaS2 Ta4+, (Ta4+)13 cluster 1/2, triangle, z = 6 poly 70 mK — 1510 1.5 K 16

Ba3CuSb2O9

Cu2+, 1/2, triangle, z = 6, 6H phase poly 200 mK 055 0032 2.8 × 102 32 mK 17
Cu2+, 1/2, honeycomb but triangle,  
z = 10/3, ortho phase

mixture of ortho  
& 6H phases 20 mK 47 (poly) 

42 (single) av 54 2.4 × 103 54 mK 18

[(C3H7)3NH]2[Cu2(C2O4)3](H2O)2.2 Cu2+, 1/2, honeycomb, z = 3ĺ2 single 2 K 120 .43.8 60 44 mK 19
ZnCu3(OH)6Cl2 Cu2+, 1/2, kagome, z = 4 single 35 mK 300–314 170–197 9.0 × 103 197 mK 20
ZnCu3(OH)6SO4 Cu2+, 1/2, kagome, z = 4 powder 50 mK 079 0065 1.6 × 103 65 mK 21
Ca10Cr7O28  Cr5+, 1/2, kagome, z = 4 single 19 mK — —  — — 22

[NH4]2(C7H14N)[V7O6F18] V4+, 1/2, kagome, z = 4 single 
poly

2 K 
40 mK

081
058

—
—

40
1.5 × 103 81 mK 23

[(C2H5)3NH]2[Cu2(C2O4)3] Cu2+, 1/2, hyperhoneycomb, z = 3ĺ2.5 single 60 mK 180 — 3.0 × 103 288 mK 24
Pr2Ir2O7   metallic QSL Pr3+, 1, pyrochlore single 100 mK 020 — 2.0 × 102  – 25

Ts’s of Ba3NiSb2O9, YbMgGaO4, LiZn2Mo3O8, [(C3H7)3NH]2[Cu2(C2O4)3](H2O)2.2, and [NH4]2(C7H14N)[V7O6F18] were estimated by using Θ W = zS(S + 1)J/3 kB.

Table 3   Retracted ones showing fully or partial spin freezing

materials spin species, S, spin-lattice, z sample Te |Θ W|/K |J|/kB Tm f Ref
Cu(pyrazine)(NO3)2 Cu2+, 1/2, linear, z = 2 single 36 mK — 10.6 TN ~107 mK 96 26, 27

NiGa2S4 Ni2+, 1, triangle, z = 6 poly, 
single 350 mK 77–79 — Tf ~10 K, 

quadrupolar order 2.3 × 102 28

α−Na2IrO3 Ir4+ (Jeff = 1/2), honeycomb, z = 3 powder, 
single 1.5 K 116–125 — TN ~13.3–18.1 K, 

zigzag AF 10 29

Cu3V2O7(OH)2  2H2O Cu2+, 1/2, kagome, z = 4 poly, 
single 20 mK 115 77–84 Tg ~1.1 K, 

orbital switching 
2102 30

BaCu3V2O8(OH)2 Cu2+, 1/2 kagome, z = 4 poly 46 mK 077 053 TN ~9 K 08 31
Na4Ir3O8 Ir4+ (low spin state), 1/2, hyperkagome, z = 4 ceramic 50 mK 650 300 Tf ~7 K 93 32
FeSc2S4 Fe2+, 2, diamond poly 50 mK 045 — spin-orbital liquid 9 × 102 33

CoAl2O4 Co2+, 3/2, diamond single 1.5 K 109 J2/J1~0.109 TN ~6.5 K, 
collinear AF 16 34
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possesses a strong spin-frustration. However, the real QSL 

system should have f ~ ∞ and actually f ~ 103 is not sufficient 

experimentally to claim the system to be a QSL one as shown 

below, and more convincing parameter for strong spin-frustra-

tion down to low temperatures will be a condition Te ≤ Ts = 

|J|/103kB where Te is the lowest probed temperature. The 

reported QSL systems will be more plausible when they have 

both high |J| and f with Te ≤ Ts. So far, at least twenty nine 

QSL candidates with 1D (linear), 2D (triangular, kagome, 

honeycomb), and 3D (hyperkagome, hyperhoneycomb) spin-

lattices have been reported and eight inorganic systems among 

them have been retracted (Tables 1-3). 

2. Results and Discussion
2.1.  Present status of QSL systems
 The QSL systems typically suffer from the quality of 

specimens (powder, polycrystals, single crystals), a variety 

of disorders and impurities (different phases, magnetic or 

nonmagnetic defects), and interlayer magnetic couplings 

which may grow at low temperatures. For inorganic materials, 

strong spin-orbit coupling, Jahn-Teller distortion, and 

antisymmetric Dzyaloshinsky-Moria anisotropy are crucial 

to lower the symmetry of the spin-lattice geometry. Only high 

quality single crystals are suitable for examining the QSL 

state since the intrinsic magnetic properties are highly suscep-

tible to defects, disorders, and impurities which frequently 

appear in polycrystalline or powder samples. A typical 

example is Cu3V2O7(OH)2 · 2H2O which was reported as a 

QSL system on polycrystals with f ~ 5.7 × 103, however, was 

later concluded to exhibit magnetic long-range order at around 

1 K on single crystals due to the orbital switching of d-

orbitals.30) Another example is spin-frustrated system NaTiO2 

(best sample is Na0.99(2)TiO2). Sintered powder has been 

examined to search for a QSL state for long, and no conclu-

sive evidence for a QSL state has been forwarded owing to 

the inhomogeneity in either the sodium distribution or, the 

small Na/Ti disorder.35) The organic and inorganic QSL 

compounds with sufficiently large |ΘW|, |J|, and f examined 

on single crystals with Te < Ts only include κ-(ET)2Cu2(CN)3 

(1),6) κ-(ET)2Ag2(CN)3 (2),7) (ethyltrimethylantimonate)

[Pd(dmit)2]2,
8) κ-H3(Cat-EDT-TTF)2,

9) ZnCu3(OH)6Cl2,
20) and 

[(C2H5)3NH]2Cu2(oxalate)3,
24) and other QSL systems in 

Tables 1 and 2 need further studies to convince the QSL state 

using high quality single crystals, down to sufficiently low 

temperatures, and to be probed by sensitive method to the 

internal magnetic field. 

 Many of the QSL systems in Tables 1 and 2 are expected 

to have gapless QSL states as evidenced by the finite Sommer-

feld constant γ  (not cited in Tables 1 and 2) determined from 

magnetic specific heat capacity CM measurements; namely 

they exhibit power law temperature dependence CM ~ γ Tα (α 

~ 0.7–2), where γ  is related with the density of states of spinon 

Fermi surface. Also the nuclear relaxation rate at low temper-

atures exhibit power law temperature dependence (T1
–1 ~ Tα, 

α = 0.7–3.2) contrary to the exponential T dependence expected 

for the gapped QSL state. However, the determination of 

magnetic specific heat is difficult since the specific heat 

becomes obscured by the contributions both of the lattice 

(~T 3) at higher temperatures and of the Schottky-like one 

arising from orphan spins, especially paramagnetic ones, at 

low temperatures. The µSR measurement is a much more 

sensitive probe of 3D long-range magnetic order than specific 

heat for the case of very anisotropic magnetic chains. For 

example, 1D spin-lattice, Cu(pyrazine)(NO3)2 was proposed 

as a QSL system with f ~ 1.5 × 102 as early as 1999 based on 

the magnetization, neutron scattering, and heat capacity, 

which shows CM ~ γT, measurements.26) However, µSR 

revealed freezing of spins at TN ~ 107 mK.27) 

2.2. Monomer Mott insulator (ET)Ag4(CN)5 with a diamond 
spin-lattice

 In the triangular and kagome spin-lattices (Figs. 1a, 1b), 

strong geometrical spin-frustration on the low-dimensional 

spin-lattices resulted in quantum fluctuations leading to the 

QSL state.1) The first such QSL system was a dimer Mott 

insulator κ-(ET)2Cu2(CN)3 (1)6) where Cu2(CN)3 is a counter 

anion (–1 charge), and an ET dimer has both +1 charge and 

one spin (S = 1/2). 2D arrangement of the localized spins on 

the ET dimers of 1, forms a nearly equilateral triangular lattice 

in terms of interdimer transfer interactions. A metallic state, 

as well as a superconducting (SC) state neighbored next to 

the QSL state under pressure with d-wave SC symmetry. The 

formation of a 2D triangular arrangement of ET dimers in 
κ-(ET)2X (X: anion) is a consequence of the triangularly 

periodic anion openings in the flat anion layer, formed by the 

2D polymerized anion molecule. The architectonic origin for 

such periodicity is derived from the planar trigonal coordina-

tion ability of transition metals in anion molecules, and Cu1+ 

and Ag1+ in X have such coordination ability, leading to a new 

SC κ-(ET)2X salts X = Ag(CN)[N(CN)2]
36) and a new QSL 

salt X = Ag2(CN)3 (2)7). Besides these, more than ten ET salts 

with Ag containing anions have been known, among which 

(ET)Ag4(CN)5 (3)37) was predicted to have a metallic nature 

based on the band calculations. 

 However, it should be noted that the ET molecule is fully 

ionized (+1) in (ET)●+[Ag4(CN)5]
1– and charge-transfer solids 

with regularly arranged donor●+ or acceptor●– molecules, are 
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destined to be Mott insulators except in very rare metallic 

cases that satisfy high-dimensionality in their electronic struc-

tures with W >> U, where W and U are bandwidth and effective 

on-site Coulomb repulsion energy, respectively.38) Since the 

magnetic exchange interaction |J| is proportional to 4|t|2/U 

(|J| ∝ 4|t|2/U), the tetrahedral (diamond) geometry for 3 

strongly suggests that the salt has either a highly localized 

nature when transfer interactions t between neighboring ET●+ 

molecules are small (U >> W), or a 3D metallic nature when 

U << W.  So it is a key to elucidate the electron correlation 

U/W for 3, in order to characterize its electronic nature.

 It is very important to examine diamond spin-lattices for 

further development of spin-frustrated systems. Several 

inorganic spin-frustrated diamond spin-lattices with intrigu-

ing magnetic properties have been reported, such as a spiral 

spin liquid state for MnSc2S4,
39) a spin-orbital liquid state for 

FeSc2S4,
33) a collinear AF ordering for CoAl2O4 depending on 

J’/J where J’ is the next-nearest-neighbor exchange interac-

tion,34) and interpenetrating diamond AF state (TN = 73 K) for 

MnII(CN)2.
40) Special interest is that the diamond-lattice 

antiferromagnet with a moderate coupling between nearest-

neighbor exchange J and next-nearest-neighbor exchange, J’ 

is predicted to suppress the collinear order, leading to highly 

degenerate spin-liquid ground states with order-by-disorder 

type transitions.41) While only a few are known in organics, 

however, the geometry is not a pure diamond geometry, i.e., 

highly conductive 3D interpenetrating super-diamond 

networks for Cu(DCNQI)2
42) and canted AF state below 21 

K for Li · TCNE43) composed of two interpenetrating diamon-

doid sublattices. No QSL candidates, except spin-orbital 

liquid and spiral spin liquid states, have been discovered 

within the spin-frustrated diamond spin-lattices in both 

inorganic and organic systems. 

 Figure 2a shows the crystal structure of 3 at 300 K (ortho-

rhombic, Fddd) that is identical to that reported by Geiser et 

al.37) Each ET●+ cation is surrounded by a silver cyanide archi-

tecture consisting of ten Ag1+ cations and ten CN– anions 

which form a flat and circularly closed large hexagonal anion 

opening in the bc plane. As shown in Fig. 2b, ordered CN– 

anions and two kinds of Ag1+ cations form a zigzag infinite 

polymerized chain along the b axis (two chains are drawn in 

blue), and these zigzag chains are connected by disordered 

CN– anions, indicated as C/N, along the c axis, to form very 

large hexagonal anion openings. The area of anion opening 

is about 116.3 Å2 at RT, which is very large compared to those 

of κ-(ET)2M2(CN)3 (19.5 Å2 for 1, 15.8 Å2 for 2). In the case 

of 2, an anion opening is composed of six CN– anions and 

six Ag+ cations and an ET dimer (ET)2 stands on the rim of 

the anion opening with a dihedral angle of 52.6° (key-keyhole 

relation for 2). This conformation with a large dihedral angle 

between the ET molecules and polymerized anion layers is 

commonly observed for κ-(ET)2X, partly ascribed to the small 

size of anion openings. While, each anion opening for 3 

encloses one ET●+ molecule with the molecular plane of ET 

in the bc plane (key-keyhole relation for 3) by the aid of the 

Coulomb interaction, S･･･C van der Waals contacts, and 

geometrical size fitting. 

 The diamond lattice is distorted with a < b § c at RT. 

Furthermore, the peak profiles of x-ray diffuse scattering 

down to ~9 K revealed peak splitting below approximately 

Fig. 2 (a) (ET)Ag4(CN)5 viewed along the a axis. One ET + is located within one anion opening to show key (1spin)-keyhole (anion opening) 
relationship in 3. (b) Anion structures of 3 showing a zigzag infinite chain (two chains are drawn in blue) is connected to the neighboring 
chains by disordered CN– groups (C/N) to form anion openings. (c) Five ET molecules in (ET)Ag4(CN)5. Center of ET molecules at the central 
C=C bond is labeled by red circles. (d) Diamond spin-lattice of (ET)Ag4(CN)5 by point charge approximation. The distance between neighboring 
red points is 7.67 Å. Hydrogen is omitted in (a) and (c), gray: C, green: S, blue: N, red: Ag, white: H. N atoms in disordered CN are shown 
in gray.
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200 K with a gradual growth of incommensurate peaks along 

the c axis, and associated twinning. The peak profiles indicate 

symmetry lowering from Fddd, and there is no inversion 

symmetry between nearest neighbor ET molecules at low 

temperatures. Figure 2c shows five ET molecules (ET1–ET5) 

in 3. When the center of the central C=C bond of ET molecule 

is labeled by a red circle, red circles form a diamond spin-

lattice as a unit (Fig. 2d) with the equal distance (7.67 Å) 
between red circles of ET5 and other ETs (ET1–ET4) at vertices. 

It is noticeable that the distances between the spin sites  

for 3 are less than those of the parallel and orthogonal ET 

dimers in 1 and 2: 8.58 Å and 7.95 Å for 1 and 8.70 Å and 

7.99 Å for 2, respectively, at RT. There are two ET sites in 

the primitive unit cell and the nearest neighbor t is equal: t15 

= t25 = t35 = t45 = –68.4 meV, where ta5 is the transfer integral 

between ET5 and ETa (a = 1–4), indicating that the diamond 

spin-lattice is an adequate geometry. The absolute magnitude 

of t is larger than those in a metal κ-(ET)2Ag(CN)[N(CN)2] 

with weak electron correlation (t = 64.0, t’ = 40.5 meV, U/W 

= 0.84).36) The experimentally obtained effective U value for 

3 is 0.71–78 eV from the optical measurements and the DFT 

band calculation affords the bandwidth W of 0.56 eV giving 

rise to an electron correlated criterion for 3; U/W = 1.3–1.4 

and 3 should be a monomer Mott insulator. 

2.3. Conductivity, 1H NMR, and magnetic susceptibility 
measurements

 The salt 3 was found to be an insulator (ρRT =1.42 × 103 

Ω cm, εa = 0.15 eV (I //b) and ρRT = 1.12 × 102 Ω cm, εa = 0.23 

eV (I //c), single crystal) in accordance with the conclusion 

in the preceding section. The pressure dependence of resistiv-

ity (I //b) indicates that the activation for transport does not 

change much up to 1.5 GPa (εa = 0.12 eV (T ≥ 222 K) and 

0.16 eV (129 ≤ T ≤ 172 K) at 1.5 GPa). The activation energy 

for 3 is notably larger than most of the κ-(ET)2X Mott insula-

tors; εa = 0.012–0.088 eV for X = Cu[N(CN)2]Cl, CF3SO3, 

Cu2(CN)3, Ag2(CN)3, and is a similar to that of robust Mott 

insulator with VBS ground state κ-(ET)2B(CN)4 (εa = 0.14 

eV).44) These results suggest that the salt 3 may have critical 

pressure of Mott transition (from a Mott insulator to a metal) 

above 10 GPa, to form a 3D Dirac semimetal as expected 

from the band calculation in the following.

 The temperature dependence the 1H NMR relaxation rate 

T1
–1 of the polycrystalline sample of 3 exhibited pronounced 

line broadening and distortion, just below 102 K, indicating 

the emergence of an internal magnetic field. Concomitantly, 

the 1H NMR T1
–1 demonstrated a divergent peak. These results 

definitely confirmed that 3 formed a 3D AF state below TN = 

102 K. 13C NMR measurements revealed that the easy axis 

of AF spin ordering is along (1 1 0). A characteristic feature 

of a strongly spin-frustrated system is the quantum critical 

behavior, namely the temperature insensitive T1
–1, over a wide 

temperature range above the ground states of AF or VBS. For 

1 and 2, the temperature insensitive quantum critical behav-

ior was observed over a wide temperature range (25–200 K), 

and for 3 such behavior was also observed for more than 100 

K (110–250 K), which implies that these salts exhibit a 

strongly spin-frustrated state (spin liquid state) in this temper-

ature range. The spin disordered states in 1 and 2 retained 

down to low temperatures to enter the QSL ground state, 

while the spin liquid state in 3 condensed into the AF ordered 

state with TN = 102 K. 

 Figure 3a shows the χstatic of the polycrystalline sample 

of 3 with 7 × 10–4 emu mol–1 at RT and 0.01 T, comparable 

to those of Mott insulating κ-(ET)2X (χstatic = 5–6 × 10–4 emu 

mol–1). The χstatic revealed a broad plateau at around 220 K 

then decreased gradually to 6.2 × 10–4 emu mol–1 down to 

approximately 100 K, followed by a sudden but small jump 

at around 100 K. At 5 T, there isn’t a jump at 100 K and the 

slight increase below 100 K is barely perceptible. The sharp 

increase of χstatic below 20 K may be caused by Curie impurity 

Fig. 3 The temperature and magnetic field dependence of static magnetic susceptibility χstatic (a) and field-cooled (FC) and zero-field-cooled (ZFC) 
of magnetization M at 0.01 T (b) for polycrystalline sample of (ET)Ag4(CN)5 by SQUID. 
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in the 3 sample. The field-cooled (FC) and zero-field-cooled 

(ZFC) magnetizations M at 0.01 T in Fig. 3b exhibit a bifur-

cation at 102 K, confirming both the AF transition observed 

by 1H NMR and the occurrence of a weak ferromagnetism 

by the canting spins. 

 The canting angle γ  for a polycrystalline sample can be 

estimated from sin (γ /2) = 2Mr (T ĺ 0)/Ms,
43) where Mr (T ĺ 

0) and Ms are the remnant magnetization at 0 K and the satura-

tion magnetization, respectively. By assuming Mr (T ĺ 0) ≈ 
0.3 erg Oe–1 mol–1 at 0.01 T and Ms = 5585 erg Oe–1 mol–1 

(same as that for Li · TCNE, S = 1/2)43), the canting angle γ 

is calculated as approximately 0.012°. This angle is of the same 

order for κ-(ET)2Cu[N(CN)2]Cl (γ = 0.046°)45) and one order 

smaller than those of the deuterated salt κ-(ET)2Cu[N(CN)2]Br 

(γ = 0.1°)46) and Li · TCNE (γ = 0.5°).43) The weak ferro-

magnetism is most likely arising from a weak Dzyaloshinsky-

Moriya interaction47, 48) under the presence of both lowering 

of the crystal symmetry with no inversion center between the 

ET molecules and geometrical spin-frustration. This is similar 

to the mechanism observed in κ-(ET)2Cu[N(CN)2]Cl where 

Dzyaloshinsky-Moriya interaction causes the weak ferromag-

netism in the AF ground state.49) 

 The value of J was estimated by the analysis of χstatic and 

the 13C NMR relaxation rate as |J|/kB = 220 K and 240 K, 

respectively, which are comparable to the values for 1 and 2. 

Taking the four nearest neighbor sites of the diamond lattice 

and S = 1/2, ΘCW is estimated to be J/kB. However, in accor-

dance with the relatively high magnetic ordering temperature 

TN = 102 K, the frustration index f for 3 is very small i.e. f = 

2. 

2.4.  Band structures
 The band calculation shows that near the Fermi level the 

energy eigenvalues are degenerate at X (0, 2π/b, 2π/c), Y (0, 

2π/b, 0), and Z (0, 0, 2 π/c). In addition, the Z–X and Y–X 

lines have a very small density of states, giving rise to a 

Dirac-like dispersion. The presence of nearly degenerate lines 

with very small dispersion in all directions of crystal 3, is 

characteristic of the 3D semimetallic nature. The calculated 

bandwidth W = 0.56 eV of 3 at RT is somewhat larger than 

those of the electron correlated κ-(ET)2X Mott insulators W 

= 0.38–0.54 reflecting 3D electronic structure of 3. 

 The geometry of the spin-lattice of 3 is 3D and affords 

strong spin-frustration as indicated by t15 = t25 = t35 = t45 at 

higher temperatures, which is consistent with the experimental 

observation of temperature insensitive T1
–1 and spin suscep-

tibility. Although the spin-lattice of 3 is favorable for strong 

spin-frustration with high J and ΘW, an AF spin-ordering 

proceeds preferentially instead of the occurrence of a QSL 

state because of the lowering of the symmetry of the crystal 

depressing the geometrical spin-frustration. Also the Néel 

ground state in 3 is consistent with a small J’/J ~ 1/200 much 

smaller than the critical value of J’/J = 1/8.44) The AF states 

of aforementioned κ-(ET)2X are in close proximity to the SC 

state under pressure. Salt 3 may require much higher uniax-

ial pressure to reveal the 3D Dirac semimetallic and hidden 

SC states by preventing the lowering of the symmetry at low 

temperatures.

3.  Conclusion
 The monomer Mott insulator (ET)Ag4(CN)5 has a unique 

crystal structure, wherein the 2D anion layer has very large 

hexagonal anion openings. One ET●+ cation is confined to an 

anion opening with molecular plane of ET parallel to the 

anion opening. This key-keyhole relationship for the packing 

pattern of the S = 1/2 spin site (ET●+ molecule) and anion 

opening, is different from those observed in the QSL candi-

dates, dimer Mott insulators κ-(ET)2M2(CN)3 (M = Ag, Cu), 

which have much smaller anion openings. The salt is a 

semiconductor confirming that 3 is the first example of a 3D 

Mott insulator having diamond spin-lattice among the organic 

CT solids, with |J|/kB = 220–240 K. The Mott insulating nature 

is consistent with the bandwidth W = 0.56 eV obtained by 

DFT calculations and observed effective on-site Coulomb 

repulsion energy Ueff ~ 0.78 eV: W < Ueff. The Mott insulating 

state of 3 is robust compared with other dimer ET Mott insula-

tors κ-(ET)2X. A semimetallic nature with Dirac-like 

dispersion was expected based on the DFT calculations, but 

this is difficult to realize under moderate pressure up to 1.5 

GPa. 1H NMR and static magnetic susceptibility measure-

ments revealed an AF spin ordering at TN = 102 K, above 

which temperature insensitive quantum critical behavior of 

T1
–1 and temperature insensitive magnetic susceptibility were 

observed. Weak ferromagnetism by spin-canting with a small 

canting angle of 0.012° was also observed in static magnetic 

susceptibility. The weak ferromagnetism is most likely due 

to a weak Dzyaloshinsky-Moriya interaction in the presence 

of the lowering of the symmetry of the crystal, in addition to 

geometrical spin-frustration. 
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