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3D Spin-Liquid State in an Organic Hyperkagome Lattice of Mott Dimers
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We report the first 3D spin liquid state of isotropic organic spins. Structural analysis, and magnetic and
heat–capacity measurements were carried out for a chiral organic radical salt, ðTBAÞ1.5 ½ð−Þ-NDI-Δ (TBA
denotes tetrabutylammonium and NDI denotes naphthalene diimide), in which ð−Þ-NDI-Δ forms a K 4
structure due to its triangular molecular structure and an intermolecular π-π overlap between the NDI
moieties. This lattice was identical to the hyperkagome lattice of S ¼ 1=2 Mott dimers, and should exhibit
3D spin frustration. In fact, even though the high-temperature magnetic susceptibility followed the CurieWeiss law with a negative Weiss constant of θ ¼ −15 K, the low-temperature magnetic measurements
revealed no long-range magnetic ordering down to 70 mK, and suggested the presence of a spin liquid state
with a large residual paramagnetism χ 0 of 8.5 × 10−6 emu g−1 at the absolute zero temperature. This was
supported by the 14 N NMR measurements down to 0.38 K. Further, the low-temperature heat capacities cp
down to 68 mK clearly indicated the presence of cp for the spin liquid state, which can be fitted to the power
law of T 0.62 in the wide temperature range 0.07–4.5 K.
DOI: 10.1103/PhysRevLett.119.057201

Geometrical spin frustration has been investigated extensively in the past two decades [1–13], and the formation of
a quantum spin liquid state, predicted by the resonating
valence bond theory [14], has attracted much attention.
However, most spin-frustrated systems studied thus far
have been 2D triangular and kagome lattices [1–3,5–12],
and thus the features of the spin frustrations in them were
affected by minor factors, such as structural deformations
from equilateral triangles, and interlayer interactions
between the 2D lattices [8,15–17]. Furthermore, magnetic
anisotropies caused by spin-orbit coupling also governed
the spin ground states of the materials, which contained
heavy elements such as Ni, Cu, and Ir [4,18,19]. From this
perspective, it is preferable to elucidate 3D spin-frustrated
systems of an S ¼ 1=2 Heisenberg spin, because the spin
and structural isotropies of such systems can be ideal for the
study of quantum spin liquids. In the present Letter, we
describe a 3D spin-frustrated hyperkagome lattice of S ¼
1=2 unpaired electrons in an organic radical salt, and the
formation of a spin liquid state.
In our previous work [20], we found a K 4 structure [see
Fig. 1(a), Ref. [21], and the Supplemental Material [22]] in
the crystal of an organic radical salt, Rb1.4 ½ð−Þ-NDI-Δ
(NDI denotes naphthalene diimide). ð−Þ-NDI-Δ [see
Fig. 1(b), Ref. [34]], which consists of three NDI moieties,
is a chiral triangular organic molecule. This K 4 structure is
identical to the srs net, which is known as a 3D chiral
network structure of regular triangles in the field of
crystallography [35,36]. The K 4 structure is also
0031-9007=17=119(5)=057201(6)

isostructural to the gyroid or G-surface structure [37,38],
which is an infinitely connected 3D-periodic minimal
surface, mathematically discovered by Schoen [39]. In
the crystals of Rb1.4 ½ð−Þ-NDI-Δ [see Fig. 1(c)], the

FIG. 1. Comparison of the structures of the K 4 carbon (a), the
molecular structure of ð−Þ-NDI-Δ (b), the K 4 structure of
ð−Þ-NDI-Δ (c), and the hyperkagome lattice, formed by the
unpaired electrons on the Mott dimers (d).
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FIG. 2. Nearest-neighbor intermolecular arrangements of the
ð−Þ-NDI-Δ anion radicals in the TBA salt. The parameters, t0 and
t1 , indicate the intra- and intermolecular transfer integrals,
respectively. The orange circles indicate the locations of the S ¼
1=2 unpaired electrons.

ð−Þ-NDI-Δ anion radicals form the K 4 structure by the
three-way branched, intermolecular π-π overlaps (see
Fig. 2) [20]. Since the valence of ð−Þ-NDI-Δ in
Rb1.4 ½ð−Þ-NDI-Δ included an ambiguity, namely,
−1.4  0.1 due to occupational disorder of Rbþ ions, we
prepared an isostructural salt, ðTBAÞ1.5 ½ð−Þ-NDI-Δ (TBA
denotes tetrabutylammonium) with no ambiguity in the
chemical stoichiometry, in order to elucidate the low
temperature physics in detail.
We prepared the chiral molecule, ð−Þ-NDI-Δ, according
to the literature method [34] and obtained black block
chiral crystals of ðTBAÞ1.5 ½ð−Þ-NDI-Δ by galvanostatic
electrocrystallization in diglyme with TBA·ClO4 . X-ray
analysis revealed the K 4 structure of ð−Þ-NDI-Δ in this
crystal [see Fig. 1(c)], while it belonged to the cubic space
group of P43 32 instead of I41 32 for Rb1.4 ½ð−Þ-NDI-Δ.
This disagreement owes not to a difference between the K 4
structures of ð−Þ-NDI-Δ in the two salts, but rather to the
positions of the Rbþ and TBAþ ions in them (see Fig. S2
[22]). In ðTBAÞ1.5 ½ð−Þ-NDI-Δ, the structures and positions of the TBAþ ions were successfully refined with the
occupation number of 1. It was found that one TBAþ ion is
shared by two neighboring ð−Þ-NDI-Δ molecules, so that
the ratio of TBA to ð−Þ-NDI-Δ is 1.5:1. The valence of
ð−Þ-NDI-Δ was determined as −1.5 without ambiguity.
The IR spectra of the two salts also indicated that
the ð−Þ-NDI-Δ molecules in them have nearly the
same valence (see Fig. S3 [22]). Figure S4 shows a
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room-temperature EPR signal of ðTBAÞ1.5 ½ð−Þ-NDI-Δ
(polycrystalline samples) and the temperature dependence
of the g factor down to 5 K. Since ð−Þ-NDI-Δ consists of
only the light elements, C, H, N, and O, the g factor
(¼2.0036) is close to that of free electron in the whole
measurement range. This means that the spins on the
ð−Þ-NDI-Δ anion radicals would be regarded as isotropic
Heisenberg spins.
On the basis of the crystal structure, we calculated the
intra- and intermolecular transfer integrals as t0 ¼ −0.034
and t1 ¼ −0.27 eV, respectively (see Fig. 2 and Table S2
[22]). The latter is an order of magnitude larger than the
former. We then determined the band structure of
ðTBAÞ1.5 ½ð−Þ-NDI-Δ, as shown in Fig. S6 [22]. This
indicated a metallic ground state and very exotic features,
such as 3D Dirac cones and degenerate flat bands, which
were essentially the same as those for Rb1.4 ½ð−Þ-NDI-Δ
[20,40–43]. In spite of this calculation, we confirmed the
insulating ground state of ðTBAÞ1.5 ½ð−Þ-NDI-Δ and
Rb1.4 ½ð−Þ-NDI-Δ, by using the two-probe method to
measure the temperature dependence of the conductivity
(see Fig. S7 [22]).
Let us discuss the spin lattice, formed in the K 4 structure
of ðTBAÞ1.5 ½ð−Þ-NDI-Δ. One ð−Þ-NDI-Δ bears a −1.5
charge, so that a half electron exists on the NDI unit, which
is one-third of ð−Þ-NDI-Δ. Since the intermolecular interaction is much stronger than the intramolecular one, it is
reasonable to conclude that one unpaired electron is held by
the intermolecular NDI dimer unit (see Fig. 2). The
positions of the TBAþ ions also support this interpretation.
Further, since ðTBAÞ1.5 ½ð−Þ-NDI-Δ is an insulator, it is
also expected that the weak intramolecular interaction t0 ,
corresponding to the interaction between the unpaired
electrons, would result in the localization of the unpaired
electrons. These features closely resemble those of the Mott
dimer systems found in the organic radical salts of
bis(ethylenedithia)tetrathiafulvalene (BEDT-TTF) [44,45].
In these materials, one BEDT-TTF dimer unit bears one
unpaired electron, and these dimer units form a triangular
lattice with spin frustration. By transforming the K 4 lattice
of ð−Þ-NDI-Δ into a lattice of unpaired electrons, we have
found that the spin lattice corresponds to a so-called
hyperkagome lattice, consisting of corner-sharing triangles
[see Fig. 1(d) and a movie in the Supplemental Material
[22]]. This is the first example of an organic hyperkagome
lattice with isotropic S ¼ 1=2 spins.
The temperature dependence of the magnetic susceptibility of ðTBAÞ1.5 ½ð−Þ-NDI-Δ was measured in the range
between 2 and 300 K on a SQUID susceptometer
(a Quantum Design Magnetic Property Measurement
System MPMS-XL magnetometer). After the diamagnetic
corrections, we obtained the paramagnetic susceptibility,
χ p . The results are shown in Fig. S8 [22]. The hightemperature data can be fitted to the Curie-Weiss law, with a
Curie constant of C ¼ 2.1 × 10−4 emu K g−1 and a Weiss
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constant of θ ¼ −15 K. This negative Weiss constant
indicates an antiferromagnetic interaction among the
unpaired electrons, and agrees roughly with the corresponding thermal energy of t0 . This interaction is expected
to induce a spin frustration on the hyperkagome lattice of
the Mott dimers.
We measured low-temperature magnetic susceptibility
from 6 K to 70 mK by using a homemade SQUID
susceptometer mounted on a dilution refrigerator [22].
By smoothly connecting these low-temperature data and
the high-temperature χ p above 2 K in Fig. S8 [22], we
obtained the temperature dependence of χ p in the whole
range of 0.07–300 K. The results are shown as log χ p vs log
T plots in Fig. 3(a). As the temperature decreases from
300 K, χ p increases monotonically. After passing through a
small anomaly around 20 K, which is probably caused by a
short-range magnetic interaction due to t0 , χ p continues to
increase down to the lowest temperature. The data indicate
no long-range magnetic ordering in spite of the 3D
antiferromagnetic interactions with θ ¼ −15 K. The temperature dependence of 14 N NMR of ðTBAÞ1.5 ½ð−Þ-NDI-Δ
was examined in the range between 0.38 and 150 K by
measuring spin-echo spectra at a constant magnetic field of
8.71 T. Figure 3(b) shows the spectra at representative
temperatures. The NMR signal shapes are governed by
nuclear quadrupole interactions for the nuclear spin
14
I ¼ 1. It is clearly demonstrated that, though the NMR
signal shapes become slightly broader with a decrease in
temperature, there is no drastic change such as is seen in
long-range magnetic ordering. It is notable that this type of
small linewidth broadening was recognized in the
spin liquid states of κ-ðBEDT-TTFÞ2 Cu2 ðCNÞ3 [11]
and EtMe3 Sb½PdðdmitÞ2 2 (Et, Me, and dmit denote ethyl,
methyl, and 1,3-dithiole-2-thione-4,5-dithiolate, respectively) [12]. These magnetic data strongly suggest the
(a)
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presence of spin frustration on the hyperkagome lattice
and the formation of a spin liquid state, instead of magnetic
ordering.
The temperature dependence of the heat capacity cp of
ðTBAÞ1.5 ½ð−Þ-NDI-Δ was measured in the temperature
ranges 2–50 K and 0.068–4.5 K on a Quantum Design
Physical Property Measurement System (PPMS) and a
homemade calorimeter mounted on a dilution refrigerator,
respectively [22]. The former was calibrated before the
measurements by using a copper standard sample [22].
Figure 4(a) shows the temperature dependence of cp in the
whole temperature range; the values of cp gradually
decrease as the temperature decreases, and begins to
increase very slightly below 0.1 K. This is also consistent
with the absence of long-range magnetic ordering. To
estimate the lattice contribution, the heat capacity data
below 5 K are replotted as cp =T vs T 2 in Fig. S9. With a
(a)

(b)

(b)

FIG. 3. (a) Temperature dependence of paramagnetic susceptibility χ p in the temperature range 0.07–300 K for
ðTBAÞ1.5 ½ð−Þ-NDI-Δ. The purple broken line and the red
curve indicate those of χ def and χ int , respectively. See the
text. (b) Temperature dependence of 14 N NMR signals for
ðTBAÞ1.5 ½ð−Þ-NDI-Δ at representative temperatures in the range
0.38–150 K.

FIG. 4. Temperature dependence of heat capacity cp for
ðTBAÞ1.5 ½ð−Þ-NDI-Δ in the plots of log cp vs log T in the
range 0.068–50 K (a) and cp =T vs log T in the range
0.068–5 K (b). The open squares and the blue circles indicate
the data, taken on a PPMS and a homemade calorimeter,
respectively. The blue, bold red, and black curves indicate the
contributions of the first, second, and third terms in the equation
cp ¼ aT −2 þ bT ξ þ βT 3 , respectively.
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decrease in temperature, the values of cp =T show a linear
decrease, followed by a sudden increase below ca. 0.1 K.
Such an increase at very low temperatures has been often
observed in organic spin systems, and has been attributed to
a high-temperature tail of a Schottky peak, formed by
nuclear spins, weak magnetic interactions between paramagnetic defects, or internal molecular rotations [46]. In
fact, cp is nearly proportional to T −2 at the lowest temperatures, as shown in the next section. Above 1 K, there is a
linear relation between cp =T and T 2 with a lattice capacity
coefficient of β ¼ 0.028 mJ K−4 g−1 . The extrapolation of
this line to the absolute zero temperature, clearly reaches a
nonzero value, which means the presence of a large heat
capacity for the spin liquid state.
We performed a detailed analysis on the heat capacity
data, to estimate the intrinsic temperature dependence of cp
for the spin liquid state. Figure 4(b) shows the plots of
cp =T vs log T below 5 K, in which the increases in cp =T at
the high- and low-temperature sides are the lattice contribution and the high-temperature tail of the Schottky
anomaly, respectively. It was found that this temperature
dependence can be well explained by the equation,
cp ¼ aT −2 þ bT ξ þ βT 3 , where the first term is for the
contribution of the Schottky tail below 0.1 K, the second
term is for the spin liquid state, and the third term is for the
lattice contribution above 1 K. By optimizing the values of
a, b, and ξ, we obtained the theoretical best fit with
ξ ¼ 0.62, as shown by the bold gray curve in Fig. 4(b).
The blue, bold red, and black curves indicate the contributions of the first, second, and third terms, respectively. It
is worth noting that, without adding the second term, we
could not obtain any reasonable fitting. The contributions
of the first and third terms are negligibly small in the
temperature range between 0.2 and 0.6 K, so that the
agreement between the experimental plots and the theoretical curve in this temperature range, strongly justify that
cp is proportional to T 0.62 in the spin liquid state. It is
reported that the temperature dependence of cp exhibits a
T 2 term in the inorganic 3D hyperkagome systems such as
Na4 Ir3 O8 [4], though a simple comparison with the present
organic system does not make sense, because these
inorganic systems involve strong magnetic interactions
and magnetic anisotropies caused by spin-orbit interactions. The low-temperature heat capacities near the
quantum critical points in the 2D and 3D systems are
theoretically predicted to exhibit T 2=3 and T lnð1=TÞ
dependences, respectively, in the context of the heavyfermion problem [47], but we could not obtain any
reasonable fitting with a T lnð1=TÞ term, instead of the
T ξ term. It is not certain whether the fairly good agreement
between the observed T ξ behavior and the T 2=3 dependence
for the 2D system is meaningful or not. In any case, the
theoretical understanding of the present hyperkagome
system of organic Heisenberg spins will be a future
challenge.
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We briefly mention the frustration parameter and the
Wilson ratio, since these parameters have been discussed for
spin liquid systems in the literature [1,9,48]. The frustration
parameter [1,49] can be easily calculated as jθ=T N j > 200,
which is large enough for spin frustration. By the procedure
in the Supplemental Material [22], we roughly estimated the
χ 0 value (¼8.5 × 10−6 emu g−1 ), which is the extrapolation
of the intrinsic paramagnetic susceptibility to the absolute
zero temperature. This reflects gapless magnetic excitations
of the spin liquid states. In Fig. 3(a), the purple broken line
shows the temperature dependence of the paramagnetic
susceptibility caused by lattice defect χ def , and the red curve
shows the intrinsic paramagnetic susceptibility χ int, calculated by χ int ¼ χ p − χ def . The value of χ 0 corresponds
roughly to 7.9 × 10−3 emu mol−1 for the unit molar mass
of the unpaired electrons (C56 H64 N5 O8 with molecular
mass ¼ 935), and is an order of magnitude larger than those
for the other organic triangular systems, namely, χ 0 ¼
2.9×10−4 emumol−1 for κ-ðBEDT-TTFÞ2 Cu2 ðCNÞ3 [11]
and χ 0 ¼ 4.4 × 10−4 emu mol−1 for EtMe3 Sb½PdðdmitÞ2 2
[12]. Although we concluded T 0.62 dependence of cp , we
calculated the value of cp =T at T ¼1K (¼0.15 mJ K−2 g−1 )
as a parameter which corresponds to the electronic capacity
coefficient γ. This value is converted roughly to
1.4 × 102 mJ K−2 mol−1 , and is an order of magnitude larger
than those of the other organic triangular systems, namely,
γ ¼ 12 mJ K−2 mol−1 for κ-ðBEDT-TTFÞ2 Cu2 ðCNÞ3 [50]
and γ ¼ 19.9 mJ K−2 mol−1 for EtMe3 Sb½PdðdmitÞ2 2 [48].
Then, the Wilson ratio is calculated as R ¼ 4.2 for
ðTBAÞ1.5 ½ð−Þ-NDI-Δ, using R ¼ 4π 2 k2B χ 0 =ð3g2 μ2B γÞ [1].
This value is in the same order of magnitude as
those of the other spin liquids with weak spin-orbit coupling
[1,9,48].
In summary, we solved the K 4 crystal structure of
ðTBAÞ1.5 ½ð−Þ-NDI-Δ, and clearly determined the valence
of ð−Þ-NDI-Δ as −1.5. This valence determination along
with the insulating ground state strongly indicated that the
present system should be regarded as a Mott
dimer system and that the spin structure, formed by S ¼
1=2 unpaired electrons, should correspond to a hyperkagome lattice with spin frustration. The low-temperature
magnetic and thermal measurements clearly indicated the
presence of a spin liquid state, with the intrinsic paramagnetism at the absolute zero temperature and T 0.62
dependence of cp .
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