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Quantum spin liquid and cluster Mott insulator phases in the
Mo3O8 magnets
S. A. Nikolaev 1,2✉, I. V. Solovyev 2,3,4 and S. V. Streltsov3,4

We unveil the microscopic origin of largely debated magnetism in the Mo3O8 quantum systems. Upon considering an extended
Hubbard model at 1/6 filling on the anisotropic kagomé lattice formed by the Mo atoms, we argue that its ground state is
determined by the competition between kinetic energy and intersite Coulomb interactions, which is controlled by the trimerisation
of the kagomé lattice into the Mo3O13 clusters, and the sign of hopping parameters, specifying the electron localisation at such
clusters. Based on first-principles calculations, we show that the strong interaction limit reveals a plaquette charge order with
unpaired spins at the resonating hexagons that can be realised in LiZn2Mo3O8, and whose origin is solely related to the opposite
signs of intracluster and intercluster hoppings, in contrast to all previous scenarios. On the other hand, both Li2InMo3O8 and
Li2ScMo3O8 are demonstrated to fall into the weak interaction limit where the electrons are well localised at the Mo3O13 clusters.
While the former is found to exhibit long-range antiferromagnetic order, the latter is more likely to reveal short-range order with
quantum spin liquid-like excitations. Our results not only reproduce most of the experimentally observed features of the Mo3O8

systems, but will also help to describe various properties in other quantum cluster magnets.
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INTRODUCTION
Geometrically frustrated quantum systems lie at the core of
research activity revolving around a putative quantum spin liquid
(QSL) state that displays long-range quantum entanglement,
charge fractionalisation and emergent gauge structures1–4. Of
particular importance are spin models on the triangular and
kagomé lattices featuring various types of QSL5–9, whose material
realisation has been an ongoing endeavour in condensed matter
physics with only a few reasonable candidates proposed so far10–15.
During the past few years, the Mo3O8 cluster magnets have

attracted a great deal of both experimental and theoretical
attention as a candidate to host QSL. In these compounds, the Mo
atoms arranged in anisotropic kagomé layers are trimerised, and
the [Mo3O13]

15− clusters form a triangular lattice, as shown in
Fig. 1a16,17. Six out of seven valence electrons in the Mo3O13

cluster are responsible for a strong intracluster metal–metal
bonding, and the seventh electron remains unpaired occupying a
totally symmetric molecular a1 state.
LiZn2Mo3O8 was first reported to exhibit a QSL behaviour18–20.

The magnetic susceptibility of LiZn2Mo3O8 has been experimen-
tally shown to follow a Curie–Weiss law with low- and high-
temperature regimes transitioning at TC ~ 96 K, whose Curie
constants are related as CL ≈ CH/3 and where the disappearance
of 2/3 of the paramagnetic spins was attributed to valence bond
condensation on the triangular lattice of the Mo3O13 clusters. In a
first attempt to explain these unusual features, the authors of
ref. 21 suggested the formation of an emergent honeycomb lattice
due to opposite rotations of the Mo3O13 clusters effectively
decoupling the central cluster with an orphan paramagnetic spin.
Another scenario was outlined in ref. 22, where a plaquette charge
order (PCO) existing in a Mott insulator on the anisotropic kagomé
lattice at 1/6 filling was conjectured to host a U(1) QSL state with

the spinon Fermi surface that is reconstructed at low temperatures
filling 2/3 of the spinon states.
However, the adequacy of the proposed mechanisms was

questioned with recently synthesised Li2InMo3O8 and Li2ScMo3O8,
both featuring magnetic moments well localised at the Mo3O13

clusters. While the former was identified with a Neél 120∘

magnetic order at TN= 12 K, for the latter no magnetic ordering
has been observed down to 0.5 K23,24. Instead, muon spin rotation
and inelastic neutron scattering measurements suggested that
Li2ScMo3O8 shows a short-range magnetic order below 4 K with
QSL-like excitations. Despite having similar crystal structures, these
Mo3O8 systems manifest essentially unalike magnetic properties,
whose enigmatic origin remains an unsolved problem.
Abstract electronic and spin models abounding with fascinating

theories have been indispensable in advancing our understanding
of QSLs. However, due to the complexity of the problem, first-
principles calculations, which were proven to be an extremely
valuable theoretical tool in a broad range of subfields in materials
science, stay in the shadow of many hypothetical proposals that
are often disconnected from real systems, seriously hampering the
progress. In this work, upon revising a single-orbital extended
Hubbard model on the anisotropic kagomé lattice at 1/6 filling, we
uncover two different regimes of the plaquette charge ordered
and cluster Mott insulator states governed by the interplay of
kinetic energy and intersite Coulomb interactions, that were
overlooked in all previous studies. By means of first-principles
calculations, we will determine the material-specific model
parameters for the family of the Mo3O8 quantum magnets and
demonstrate that these states can indeed be realised in
LiZn2Mo3O8, Li2ScMo3O8 and Li2InMo3O8. In particular, we will
show that the opposite sign of hopping parameters is peculiar to
the trimerised kagomé layers of the Mo3O8 systems, while their

1Tokyo Tech World Research Hub Initiative (WRHI), Institute of Innovative Research, Tokyo Institute of Technology, 4259 Nagatsuta, Midoru-ku, Yokohama 226-8503, Japan.
2International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044 Ibaraki, Japan. 3Institute of Metal Physics, S.
Kovalevskaya Street 18, Yekaterinburg 620108, Russia. 4Department of Theoretical Physics and Applied Mathematics, Ural Federal University, Mira Street 19, Yekaterinburg
620002, Russia. ✉email: nikolaev.s.aa@m.titech.ac.jp

www.nature.com/npjquantmats

Published in partnership with Nanjing University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-021-00316-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-021-00316-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-021-00316-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-021-00316-7&domain=pdf
http://orcid.org/0000-0001-7481-1007
http://orcid.org/0000-0001-7481-1007
http://orcid.org/0000-0001-7481-1007
http://orcid.org/0000-0001-7481-1007
http://orcid.org/0000-0001-7481-1007
http://orcid.org/0000-0002-2010-9877
http://orcid.org/0000-0002-2010-9877
http://orcid.org/0000-0002-2010-9877
http://orcid.org/0000-0002-2010-9877
http://orcid.org/0000-0002-2010-9877
https://doi.org/10.1038/s41535-021-00316-7
mailto:nikolaev.s.aa@m.titech.ac.jp
www.nature.com/npjquantmats


strength specifies the degree of electron localisation at the
Mo3O13 clusters.

RESULTS
The model of interest shown in Fig. 1b is the extended Hubbard
model on the kagomé lattice at 1/6 filling:

H ¼
P

hmm0 i2T ;σ

tðcyσm c σ
m0 þ H:c:Þ þ Vnmnm0 þ U

P
m
n"mn

#
m

þ
P

hmm0i2T 0 ;σ0
t0ðcyσm c σ

m0 þ H:c:Þ þ V 0nmnm0 ;
(1)

where cyσm (cσm) creates (annihilates) an electron with spin σ at site
m, nσm ¼ cyσm cσm is the density operator (nm ¼ n"m þ n#m), t and t0

stand for intracluster and intercluster hopping parameters defined
on the T and T 0 triangles, respectively, and the interaction terms
include the on-site U, intracluster V and intercluster V 0 Coulomb
repulsions (see Supplementary Note 1). Taking a shorter bond
length in T , the T triangles correspond to the Mo3O13 clusters
accommodating one unpaired electron and forming a triangular
lattice.

First-principles calculations
The calculated band structures of LiZn2Mo3O8, Li2ScMo3O8 and
Li2InMo3O8 are shown in Fig. 2a, indicating the a2 and e2 states
below the Fermi level, which are responsible for the Mo–Mo
bonding in the Mo3O13 cluster, and the nonbonding a1 and e1
states well separated from the rest of the spectrum. According to
our results, the splitting Δ of the a1 and e1 levels varies
significantly within the systems, being relatively small in
LiZn2Mo3O8 and gradually increasing in Li2ScMo3O8 and Li2In-
Mo3O8. Given that one electron occupies these states, the value of

Δ suggests the degree of electron localisation at the molecular a1
level, which is, in turn, responsible for the formation of localised
magnetic moments. As will be shown below, this fact is one of the
main ingredients to understand distinct magnetic behaviour in
these materials.
The extended Hubbard model, Eq. (1), for the systems in

question was constructed in the basis of Wannier functions
corresponding to the a1 and e1 bands, as shown in Fig. 2b. The full
set of model parameters is given in Table 1 (see Supplementary
Note 4). Due to the trimerisation of the kagomé lattice, V 0<V � U
and jt0j < jtj hold for each system. But importantly t and t0 always
have opposite signs, and t < 0 while t0 > 0. This can be related to
the fact that in the Mo3O13 cluster the direct d–d (always negative)
hopping dominates due to shorter Mo–Mo bonds. Because this
term decays rapidly with the metal–metal distance (~1/r5, ref. 25),
the hopping process via common oxygens having the opposite
sign starts to prevail between the clusters, and t0 turns out to be
positive. In a more general way, the sign alternation of hopping
parameters can be regarded to occur due to the formation of the
Mo3O13 clusters, thus enforcing the localisation of a single
unpaired electron at the molecular a1 level.
The competition between intracluster and intercluster interac-

tions along with the electron filling and geometrical frustration
brings about different regimes of electron localisation. Taking into
account the calculated values of t=V 0 and t0=V , we will address two
limits of Eq. (1).

Plaquette charge order

Let us consider jtj � V 0 and jtj0 � V . Due to 1/6 filling, the
Hubbard U cannot localise electrons at the lattice sites, and as a
result they move without encountering any double occupancy.
Since U is not operative, it is the intersite V and V 0 that are
responsible for electron localisation leading to a highly degen-
erate charge ordered state, where each corner-sharing triangle
hosts exactly one electron. This degeneracy is further lifted by
hopping parameters that induce collective tunnelling processes,
when the electrons hop either clockwise or counter-clockwise
along the T and T 0 bonds stabilising a charge pattern with three
electrons at the hexagons, as shown in Fig. 3a, b. To lowest order
in t=V 0 and t0=V , it corresponds to the quantum dimer model for

two plaquette states Aj i ¼ cyσ5 cyσ
0

3 cyσ
00

1 0j i and Bj i ¼ cyσ6 cyσ
0

4 cyσ
00

2 0j i,

Fig. 1 Extended Hubbard model for the Mo3O8 systems. a
Anisotropic kagomé layers formed by the Mo atoms and molecular
levels of the Mo3O13 cluster filled with seven electrons. b Schematics
of the extended Hubbard model on the anisotropic kagomé lattice.
Nonequivalent “up” and “down” triangles are denoted as T 0 and T ,
respectively.

Fig. 2 Results of first-principles calculations. a Band structures of LiZn2Mo3O8, Li2ScMo3O8 and Li2InMo3O8, as obtained from local density
approximation. The highlighted a1 and e1 states are used for constructing the low-energy models. b Wannier functions corresponding to the
a1 and e1 bands spreading over the neighbouring Mo3O13 clusters.

Table 1. Model parameters (in eV) for the one-orbital extended
Hubbard model, Eq. (1).

# U t V t0 V 0 tnn

LiZn2Mo3O8 2.0 −0.134 0.8 0.113 0.6 0.026

Li2ScMo3O8 2.0 −0.281 1.0 0.147 0.8 0.014

Li2InMo3O8 2.1 −0.409 1.2 0.181 0.9 0.010
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H⎔ ¼
P

⎔

P
σσ0σ00 ðg1 þ g2Þð Aj i Bh j þ Bj i Ah jÞ with g1 ¼ 6t03=V2

and g2 ¼ 6t3=V 02, where the sum runs over all hexagons26,27.
When mapped onto the dual hexagonal lattice, the ground state
of H⎔ for spinless electrons is described by the PCO (Fig. 3c) with
an emergent triangular lattice of resonating hexagons28,29.
Calculations within exact diagonalization for finite geometries
show that the PCO is the ground state in the case of spinful
electrons (see Supplementary Note 2), that will be regarded as the
strong interaction limit of Eq. (1).
One can further include antiferromagnetic spin fluctuations

between next-nearest neighbours in each hexagon,
HS ¼ Jnn

P
hhijiininjðSi � Sj � 1

4 Þ, where Jnn ¼ 4t2nn=U; and tnn is
the corresponding hopping (Fig. 3a). Assuming that the PCO
effectively decouples hexagons, HD ¼ H⎔ þHS for a single
hexagon can be solved exactly yielding four fourfold degenerate
states (see Supplementary Note 2). When g1 and g2 have opposite
signs (g1 > 0 and g2 < 0), regardless of the value of Jnn the ground
state of HD is represented by:

ψ1j i ¼ 1
2 ð ""#j iA � #""j iA
� g1�g2

~g ""#j iB � g2
~g "#"j iB þ g1

~g #""j iBÞ;
ψ2j i ¼ 1

2 ð "#"j iA � #""j iA
þ g2

~g ""#j iB � g1
~g "#"j iB þ g1�g2

~g #""j iBÞ;

(2)

with ~g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 � g1g2 þ g22

p
, ψ3j i and ψ4j i can be obtained by

applying time-reversal symmetry to the above states. As seen from
Eq. (2) and schematically shown in Fig. 4a, the resulting ground
state of the resonating hexagon is given as a superposition of the
plaquette states Aj i and Bj i, each having valence bonds
resonating in the hexagon and leaving one spin unpaired, whose
location is smeared out in the hexagon owing to the resonating
nature of valence bonds. Such an unusual entanglement with
dangling spins originates solely from the asymmetry of tunnelling
processes that, in turn, facilitates partial singlet pairing between
the resonating electrons, while the unpaired spins behave
paramagnetically in a thermodynamic limit.
From our first-principles calculations, a small splitting Δ of the

a1 and e1 levels is found in LiZn2Mo3O8 preventing the electrons
from being localised at the molecular states, and the calculated
t=V 0 and t0=V suggest the PCO with unpaired spins at the
resonating hexagons as a possible ground state for LiZn2Mo3O8.

Given g1= 13.5 meV, g2=−40.1 meV and Jnn= 1.4 meV, the
calculated TC ~ 92.0 K between two paramagnetic regimes is in
excellent agreement with neutron powder diffraction data18 (see
Supplementary Fig. 5).
Originally, the PCO state on the kagomé lattice in the strong

interaction limit was studied for spinless fermions at 1/3 filling27,30.
For spinful electrons, ferromagnetism has been proposed in ref. 31

as one of the ground states at 1/6 and 5/6 fillings. This scenario
turns out to be justified only when both t and t0 have the same
sign, so that the Hamiltonian of the quantum dimer model H⎔
can be chosen to contain exclusively positive entries owing to the
bipartite lattice, and the Perron–Frobenius theorem can be used
for a finite geometry. When the hopping parameters have
opposite signs, the Perron–Frobenius theorem is no longer
applicable, as is also confirmed by our calculations for a single
cluster and finite geometries with periodic boundary conditions,
where antisymmetric configurations with minimal total spin are
found to be more favourable (see Supplementary Fig. 3). Several
studies have also considered the same model for spinful electrons
at 1/3 filling with hopping parameters of the same sign32,33, where
the PCO was predicted in the limit of strong intersite Coulomb
interactions. However, no possible scenario for the two para-
magnetic regimes has been proposed.
The PCO state was reconsidered in ref. 22, where the

disappearance of 2/3 of the spins was attributed to a conjectural
U(1) QSL that reconstructs the spinon Fermi surface at low
temperatures partially filling the spinon states, inert to external
magnetic field. A striking difference with the present study is that
the hopping parameters in ref. 22 were assumed to have the same
sign. In this case, one can find that the ground state for g1 < 0 and
g2 < 0 on a single hexagon is given by a symmetric configuration
of the plaquette states, ð Aj i þ Bj iÞ=

ffiffiffi
2

p
(see Supplementary Note

2), and the PCO itself does not feature any pairing of spins with
unpaired electrons. In fact, the emergence of the U(1) QSL
suggested in ref. 22 was introduced phenomenologically by
“artificially” modifying the ring tunnelling processes to mimic
the PCO-driven breaking of translational symmetry. In contrast, in
the present case with g1 < 0 and g2 > 0 the PCO state is
represented by antisymmetric configurations of Aj i and Bj i,
where each plaquette is, in turn, given as an antisymmetric
configuration of spins forming valence bonds with one dangling
spin in a hexagon.

Fig. 3 Quantum dimer model on the kagomé lattice. a Ring tunnelling processes in the hexagon. Black circles represent resonating
electrons. b Possible charge order minimising the intersite Coulomb interactions in the strong interaction limit. Blue and red circles stand for
the spin-up and spin-down electrons, respectively. c Plaquette charge ordered phase on the dual hexagonal lattice. Green plaquettes indicate
resonating hexagons.
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Finally, the unusual pairing given by Eq. (2) can also be realised
when g1 and g2 have the same sign (g1 < 0 and g2 < 0) and the
antiferromagnetic coupling between next-nearest neighbours is
large, Jnn > 2

3 ð�g1 � g2 � ~gÞ, as was suggested in refs. 22,34.
Although the PCO can be destroyed by strong spin fluctuations32,
the calculated thermodynamic properties for a single hexagon
shown in Fig. 4b clearly demonstrate that two paramagnetic
regimes possess a much higher TC when g1 and g2 have opposite
signs. Moreover, the negligibly small Jnn obtained for LiZn2Mo3O8

shows that the partial spin pairing in the resonating hexagons is
driven solely by g1 > 0 and g2 < 0. Thus, the PCO state presented in
our study arises when t and t0 have opposite signs, and the partial
pairing of spins in resonating hexagons comes about in a
straightforward way from the asymmetry of tunnelling processes.
Signatures of the partial spin pairing driven by the PCO state

can be directly traced from the spin–spin correlation functions
(see Supplementary Fig. 4 for the density–density and
plaquette–plaquette correlation functions). As visualised in Fig. 5a,
the correlation function for the PCO state with g1 < 0 and g2 < 0 is
essentially positive, indicating no spin pairing, and the calculated
structure factor has maxima at the Γ and K points of the extended
Brillouin zone. On the contrary, the correlation function for the
PCO state with g1 < 0 and g2 > 0 shown in Fig. 5b changes the sign
between next-nearest neighbours, and the structure factor reveals
maxima at the K points of the original Brillouin zone. This data can
further be used in the analysis of inelastic neutron scattering
experiments to verify our findings.

Cluster Hubbard model
As ∣t∣ increases, the electrons start moving freely within the T
triangle, and the number of electrons at the adjacent T 0 triangles
fluctuates. When jtj � V 0, the perturbation theory considered
above breaks down, and the electrons minimise their energy by
forming bound “molecular” states. As a result, the original model
in Eq. (1) can be reformulated as a three-orbital extended Hubbard

model on the triangular lattice formed by the T triangles:

HCF ¼
Δ

3

X
mm02T ;σ

cyσim

0 1 1

1 0 1

1 1 0

0
B@

1
CA

mm0

cσim0 (3)

with Δ= 3t. As follows, HCF has the form of crystal field that splits
the electronic states at the T triangle into the single a1 and
double degenerate e1 states with energy levels 2Δ

3 and � Δ
3,

respectively: a1j i ¼ 1ffiffi
3

p ð 1j i þ 2j i þ 3j iÞ, jeð1Þ1 i ¼ 1ffiffi
3

p ðwj1i þ wj2i þ

j3iÞ: and eð2Þ1

��� E
¼ 1ffiffi

3
p ðw 1j i þ w 2j i þ 3j iÞ with w= e2πi/3. Impor-

tantly, the a1 state is occupied when Δ < 0 (t < 0). Despite the weak
interaction limit, the electrons are localised at the T triangles due
to the large splitting of molecular levels. We refer to this state as a
cluster Mott insulator as opposed to the PCO phase, where the
electron delocalisation, in turn, is entirely driven by intersite
Coulomb interactions.
When both t < 0 and t0 > 0 are large, the electrons localised at

the T triangles can develop long-range magnetic order. In this
limit, the on-site eU ¼ Uþ2V

3 comes back into play and forbids any
double occupancy at the T triangles, and the corresponding spin
model H4 ¼

P
hijiJ4Si � Sj on the triangular lattice can be derived

to second order in t0=U and t0=Δ (see Supplementary Note 3):

J4 ¼ � 8t02

3ð2V þ 3jΔj � 2V 0Þ þ
4t02

3ðU þ 2V � 2V 0Þ þ
8t02

3ðU þ 2V þ 3jΔj � 2V 0Þ ;

(4)

which can be both ferro- and antiferromagnetic, that can explain
why some of the recently found Mo3O8 systems are ferromagnetic
insulators35. Stability of the magnetic order is directly related to
the strength of t and t0 in the sense that it can be suppressed by
thermal or quantum fluctuations when t or t0 are not strong
enough to avoid electron number fluctuations at the T 0 triangles.
As shown above, Li2ScMo3O8 and Li2InMo3O8 have large values

of Δ, and the ratio t=V 0 favours electron localisation at the Mo3O13

Fig. 4 Thermodynamic properties of a single resonating hexagon. a Schematics of the resonating hexagon with one dangling spin, as given
by Eq. (2). Dashed and bold lines represent resonating valence bonds for each plaquette state. Note that the valence bonds have different
weights in each plaquette state, and the location of dangling spins (black arrows) is not uniquely defined in the hexagon. b Specific heat and
inverse spin susceptibility of a single resonating hexagon.
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clusters stabilising a cluster Mott insulator phase. Indeed, having
the largest t=V 0 and t0=V , Li2InMo3O8 reveals an antiferromagnetic
order with J4 = 9.5 meV (109.8 K) in good agreement with the
experimental value of 112 K23. On the other hand, J4 = 4.0 meV
(46.7 K) in Li2ScMo3O8, being consistent with the experimental
value of 67 K, is close to the instability region where J4 is small, as
clearly seen in Fig. 6. Consequently, although the electrons tend to
localise at the Mo3O13 clusters, Li2ScMo3O8 is more likely to fall

into the intermediate regime, where any long-range magnetic
order is suppressed by quantum fluctuations down to low
temperatures. Since the number of electrons at the T 0 triangles
is allowed to fluctuate when t=V 0 and t0=V are not strong, we
conclude that the magnetic order in Li2ScMo3O8 is short range
with possible QSL-like excitations.

DISCUSSION
Having considered an extended Hubbard model on the aniso-
tropic kagomé lattice at 1/6 filling as the low-energy model for the
Mo3O8 cluster magnets, we showed that it features two different
limits: a PCO of resonating hexagons with valence bond
condensation and orphan spins, as realised in quantum para-
magnet LiZn2Mo3O8, and a cluster Mott insulator with the
electrons localised at the kagomé triangles, as revealed in
Li2InMo3O8 and Li2ScMo3O8 showing a Néel-type antiferromag-
netic order and QSL behaviour, respectively. Based on first-
principles calculations, we demonstrated that their manifestation
can be attributed to the trimerisation of the kagomé lattice
controlling the competition between kinetic energy and intersite
Coulomb interactions and specifying the character of electron
localisation at the Mo3O13 clusters, that can help to unravel a
largely speculated origin of magnetism in these systems.
We believe that the opposite sign of t and t0 is a peculiar aspect

of the trimerised kagomé lattice inherent to the Mo3O8 quantum
magnets that reflects the bonding character of the Mo3O13

Fig. 5 Spin–spin correlation functions of the quantum dimer model. Spin–spin correlation functions (with respect to the central site r0) and
the corresponding static structure factors on the extended Brillouin zone of the quantum dimer model H⎔ with a g1=−0.01, g2=−0.01 and
b g1=−0.02, g2= 0.01. The radius of the dots is proportional to the absolute value of the correlation function, and the colour encodes the
sign (red for a positive value, blue for a negative value). c Static structure factor of HD calculated for the kagomé unit cell with three sites and
the model parameters derived for LiZn2Mo3O8.

Fig. 6 Exchange interaction for the spin model in a cluster Mott
insulator regime. Exchange coupling J4 calculated from Eq. (4) with
U= 2.0 eV, V= 1.1 eV and V 0 ¼ 0:9 eV. Li2ScMo3O8 and Li2InMo3O8
are shown with diamonds.
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clusters and plays an important role in their different magnetic
behaviour. According to the general Jahn–Teller theorem, a lattice
trimerisation should lift the ground-state degeneracy so that a
single electron resides at the a1 orbital of the T triangle forming a
one-dimensional representation of the point group, that only
occurs when t < 0 and t0 > 0.
The key point of our study is that the magnetism of the Mo3O8

systems can be described within a single model, where both
strong localisation and itineracy appear as the opposing limits of
competing interactions. Our calculations provide a good agree-
ment with experimental data for both Li2InMo3O8 and Li2Sc-
Mo3O8

23,24 and can explain the difference in their magnetic
properties. The results obtained for LiZn2Mo3O8 also agree with
inelastic neutron scattering data for powder samples19,20, report-
ing a gapless spectrum of magnetic excitations and short-range
spin correlations, which are inherent to the PCO state, as well as
the absence of detectable sharp excitations that suggests a
disordered valence bond solid or a resonating valence bond state.
Available momentum dependencies of the inelastic magnetic
scattering intensity reveal scatterings concentrated at small
momenta q < 1.0Å−1 with the maximum at q ~ 0.41Å−1 at
1.7 K19, which is within the range of the first Brillouin zone (the
length of the in-plane reciprocal lattice vector is ~1.25Å−1 for the
experimental structure of LiZn2Mo3O8

36) and is also consistent
with our calculations of the static spin structure factor indicating
the maximum weight at the K point of the first Brillouin zone, as
shown in Fig. 5c (~0.72Å−1 for the experimental structure of
LiZn2Mo3O8). That being said, the possible origin of paramagnet-
ism in LiZn2Mo3O8 can still be speculated.
Our first-principles calculations would possibly rule out some

previous scenarios proposed within the same model for decou-
pling 2/3 of the spins in LiZn2Mo3O8 at low temperatures, such as
a U(1) QSL state with the spinon Fermi surface22 and strong
coupling between next-nearest neighbours34,37. Cooperative
rotations of the Mo3O13 clusters resulting in an emergent
hexagonal lattice21 assume electrons to be well localised at the
clusters and are at variance with our results in the strong
interaction limit. The presence of mobile Li ions at ~50− 100 K
can also locally contribute to the electron localisation18–20.
However, the peaks from the Zn/Li sites observed in Li NMR
measurements have different maxima below the paramagnetic
phase transition, and the Li NMR data from ref. 20 show a minimal
spin concentration from impurities, indicating that the origin of
magnetic response in LiZn2Mo3O8 arises from the Mo layers.
Nevertheless, the dynamical and disorder effects cannot be
unequivocally excluded from the consideration and should be
carefully addressed in further studies. Importantly, the low-energy
models derived in this study suggest that the delocalised nature of
electrons in LiZn2Mo3O8 plays a very intricate role in defining
magnetic properties advancing short-range spin dynamics over
long-range ordering38. We believe that further experimental
studies on single crystals are important to verify the origin of
unusual magnetic behaviour in LiZn2Mo3O8, as was previously
done to identify fractional spinon excitations of the quantum
antiferromagnetic chains39 and continuous spin excitations of the
triangular-lattice QSL40.
Finally, it is known that spin-12 systems with an odd number of

electrons can reveal both long-range order and short-range
correlations with topological excitations41, and various scenar-
ios with unusual magnetic properties at low temperature are
expected to be realised in other cluster magnets. For example,
Na3A2(MoO4)2Mo3O8 (A= In, Sc) was experimentally shown to
feature a paramagnetic behaviour similar to LiZn2Mo3O8

42, or
Nb3Cl8 with the same number of electrons and similar crystal
structure was found to be completely nonmagnetic below 90 K,
in contrast to the Mo3O8 systems43,44. The analysis presented in
this work can be generally applied to these and other
trimerised quantum systems, such as Li2In1−xScxMo3O8

37 and

ScZnMo3O8
45, and further experimental and theoretical studies

of these materials hold promise for discovering novel quantum
effects.

METHODS
First-principles calculations
Electronic structure calculations were performed within local density
approximation46 and projected augmented waves47, as implemented in
the Vienna ab initio simulation package (VASP)48. Band structure
calculations including spin-orbit coupling were carried out by using
norm-conserving pseudopotentials as implemented in the Quantum
ESPRESSO package (QE)49. The plane wave cutoff was set to 600 and
1360 eV for VASP and QE, respectively, the Brillouin zone was sampled by a
10 × 10 × 5 Monkhorst–Pack k-point mesh50, and the convergence criteria
for the total energy calculations was 10−9 eV. High-symmetry k-points used
for the band structure calculations are K ¼ ð13 ; 13 ; 0Þ, M ¼ ð12 ; 0; 0Þ,
A ¼ ð0; 0; 12Þ, H ¼ ð13 ; 13 ; 12Þ, L ¼ ð12 ; 0; 12Þ.
To calculate model parameters of Eq. (1), we employed the maximally

localised Wannier functions as implemented in the wannier90 pack-
age51,52. The parameters of Coulomb interactions were calculated within
constrained random-phase approximation in the basis of Wannier
functions53,54.
The crystal structure parameters of Li2InMo3O8, Li2ScMo3O8 and

LiZn2Mo3O8 adopted from refs. 23,36 are given in Supplementary Tables 1
and 2. For LiZn2Mo3O8, the disorder of the Li and Zn atoms was fixed, and
their arrangement was checked to give a small effect on the final set of
model parameters. It is worth noting that there is a small splitting of the a1
and e1 states corresponding to the inequivalent Mo layers due to the Li/Zn
disorder. Both octahedral sites having a higher Li occupancy20 and
tetrahedral sites can contribute to the local splitting of molecular levels
leading to a small change of the model parameters.
The crystal structures were visualised with VESTA55.

Exact diagonalisation
Exact diagonalisation of the quantum dimer model HD was performed on
finite clusters containing N= 27 and 36 sites with periodic boundary
conditions. The spin–spin correlation function is computed as:

Csðr0; rkÞ ¼ hS0 � Ski � hS0i � hSki; (5)

where 〈...〉 is the thermal average. The corresponding structure factor is
calculated on the extended Brillouin zone (double of the original one):

SsðqÞ ¼ 1
N

X
k

e�iq�ðrk�r0ÞCsðr0; rkÞ: (6)

Specific heat and spin susceptibility for HD on a single hexagon are
calculated as:

CV ¼ β2ðhE2i � hEi2Þ;
χ ¼ βðhm2

z i � hmzi2Þ;
(7)

respectively, where β is inverse temperature, and mz is the total magnetic
moment of the plaquette state.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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