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The Mott insulator provides an excellent foundation for exploring a wide range of strongly correlated
physical phenomena, such as high-temperature superconductivity, quantum spin liquid, and colossal
magnetoresistance. A Mott insulator with the simplest degree of freedom is an ideal and highly desirable
system for studying the fundamental physics of Mottness. In this study, we have unambiguously identified
such an anticipated Mott insulator in a van der Waals layered compound Nb3Cl8. In the high-temperature
phase, where interlayer coupling is negligible, density functional theory calculations for the monolayer of
Nb3Cl8 suggest a half-filled flat band at the Fermi level, whereas angle-resolved photoemission
spectroscopy experiments observe a large gap. This observation is perfectly reproduced by dynamical
mean-field theory calculations considering strong electron correlations, indicating a correlation-driven
Mott insulator state. Since this half-filled band derived from a single 2a1 orbital is isolated from all other
bands, the monolayer of Nb3Cl8 is an ideal realization of the celebrated single-band Hubbard model. Upon
decreasing the temperature, the bulk system undergoes a phase transition, where structural changes
significantly enhance the interlayer coupling. This results in a bonding-antibonding splitting in the
Hubbard bands, while the Mott gap remains dominant. Our discovery provides a simple and seminal model
system for investigating Mott physics and other emerging correlated states.

DOI: 10.1103/PhysRevX.13.041049 Subject Areas: Condensed Matter Physics

I. INTRODUCTION

In solid-state physics, the classification of materials
based on their transport properties is one of the oldest
and least-understood problems. According to modern band
theory, metals possess partially filled bands while insulators
have all bands fully filled. However, this explanation is
incomplete. The physics regarding partially filled bands
faces significant challenges due to electron-electron corre-
lations. One typical example is the formation of Mott
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insulators [1,2]. Mott physics is governed by two critical
energy scales: the bandwidth (W) and the correlation
strength (U). As illustrated in Fig. 1(a), for a half-filled
system, if U ≪ W, the system falls into the metallic band
regime. Conversely, if U ≫ W, the system transforms into
a Mott insulator, where strong correlations spit the
metallic band into two: The lower band is filled while
the upper one is empty. In Mott insulators, localized
electrons are expected to carry local magnetic moments,
often resulting in an antiferromagnetic ground state, as
observed in the parent compounds of cuprate supercon-
ductors [3]. In addition, Mott insulators exhibit various
magnetic ground states, such as spin singlet states [4,5],
quantum spin liquid states [6], and valence bond states [7].
Numerous intriguing physical phenomena are triggered
from Mott insulators, such as high-temperature supercon-
ductivity [3], colossal magnetoresistance [8,9], non-Fermi
liquid [10], and so on. Many strongly correlated systems
have been investigated within the framework of Mott
physics, also known as Mottness, including the recently
discovered insulator behavior and superconductivity in
magic-angle twisted bilayer graphene [11,12].
The theoretical understanding for the Mott physics has

been achieved using simplified models, in particular, the
single-band Hubbard model, which considers electrons on
one band in a single orbital [1]. However, low-energy
excitations in real materials are usually complicated by
various factors—such asmultiple bands, orbital degeneracy,
spin-orbit coupling, Peierls instability, and so on [13]—
making experimental verification and theoretical analysis

challenging and controversial.Well-known examples are the
parent compounds of cuprate superconductors, which fea-
ture a half-filled band at the Fermi level (EF), arising from a
strong hybridization of the Cu 3dx2−y2 orbital with the O 2px

and 2py orbitals. Consequently, the low-energy excitations
are described by the Zhang-Rice singlets emerging from
the strong p-d hybridization [14]. In the 5d system Sr2IrO4,
the partially filled wide t2g states would lead to metallic
behavior. Strong spin-orbit coupling is required to split the
t2g states, resulting in a separated half-filled band with a
relatively narrow width [15]. The metal-insulator transition
in VO2 is accompanied by a dimerization of the Vatoms [4].
The origin of the insulating gap has been a subject of
debate, whether it arises from bonding-antibonding
splitting [16,17] or electron correlations [5,18–20]. In the
charge-density-wave phase of 1T-TaS2, band folding and
hybridization result in a reconstructed flat band at EF in the
superlattice [21,22]. However, the interplay between inter-
layer coupling and electron correlations complicates the
insulating behavior in 1T-TaS2 [23,24].
In this work, we have discovered a textbook example of

the single-band Mott insulator in a van der Waals (vdW)
compound Nb3Cl8. The electronic states in the high-
temperature phase can be adequately described based on
the monolayer of Nb3Cl8, as the interlayer coupling is
negligible. Density functional theory (DFT) calculations
show that the monolayer of Nb3Cl8 features a single half-
filled band derived from the 2a1 orbital at EF. This band
exhibits a nearly flat dispersion with W ∼ 0.3 eV, which is
significantly smaller than the typical U values on the order
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FIG. 1. Half-filled flat band in the monolayer of α-Nb3Cl8. (a) Schematic illustrations of a metal forU ≪ W (left) and a Mott insulator
for U ≫ W (right). (b) Crystal structure of α-Nb3Cl8. (c) Top view of the monolayer of Nb3Cl8 showing the Nb3 trimers. Blue lines
indicate the Nb–Nb metal bonds within each Nb3 trimer. Dark- and light-green spheres represent the Cl atoms below and above the Nb
layer, respectively. (d) Schematic illustration of the molecular orbitals in an isolated Nb3Cl13 cluster, occupied by seven Nb 4d valence
electrons for a ½Nb3�8þ trimer. Inset: top view of a Nb3Cl13 cluster composed of three edge-sharing NbCl6 octahedra. (e) Calculated band
structure of the monolayer of Nb3Cl8 using the HSE06 functional.
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of eV for Nb 4d orbitals [25–28], indicating its strong
correlation nature. Strong correlations drive the half-filled
system to transform into a Mott insulator, resulting in a
splitting of the half-filled band into lower and upper
Hubbard bands (LHB and UHB). Since this half-filled
2a1 band is well separated from other bands, the monolayer
of Nb3Cl8 can be ideally described by the single-band
Hubbard model. Moreover, the Curie-Weiss paramagnet-
ism observed in the high-temperature phase indicates
the existence of spin-1=2 local moments, which is in
excellent agreement with the prediction of the single-band
Hubbard model.
As the temperature decreases, the bulk system undergoes

a phase transition. In the low-temperature phase, the
structural changes in the stacking sequence greatly enhance
the interlayer coupling, leading to significant impacts on
the correlated electronic states. A bonding-antibonding
splitting occurs in the Hubbard bands, while the spins pair
into interlayer spin singlets, resulting in nonmagnetic
behavior. Despite these remarkable changes, the system
remains in the Mott insulator regime in the low-temperature
phase, as the insulating gap is still dominated by strong
electron correlations.

II. INSULATING STATE ON A
HALF-FILLED BAND

In the high-temperature phase (α phase) above
T� ∼ 100 K, each unit cell consists of two monolayers
of Nb3Cl8 stacked along the c axis via weak vdW forces
[Fig. 1(b)] [29,30]. In each monolayer, the Nb ions form a
breathing kagome lattice, where three Nb ions are in close
proximity, constituting one Nb3 trimer [Fig. 1(c)] [29–31].
Each Nb3 trimer is surrounded by 13 Cl ions, forming a
Nb3Cl13 cluster composed of three edge-sharing NbCl6
octahedra [inset of Fig. 1(d)]. The intracluster Nb−Nb
distance d1 ¼ 2.834 Å is substantially shorter than the
intercluster Nb−Nb distance d2 ¼ 3.998 Å [32], indicating
the formation of Nb−Nb metal bonds within each cluster.
The octahedral crystal field splits the Nb 4d orbitals into eg
and t2g orbitals, which further divide into molecular orbitals
due to the metal bonds, as illustrated in Fig. 1(d). The 3p
shell of the Cl ions is filled due to their strong electro-
negativity. Consequently, the Nb3 trimers in Nb3Cl8 have a
valence state of þ8, with seven valence electrons occupy-
ing the molecular orbitals. Six valence electrons occupy the
lowest three molecular orbitals, while the seventh electron
resides in the 2a1 orbital [29,30,33,34].
The occupied molecular orbitals correspond to four

bands between −3 and 0.5 eV in the DFT calculations
shown in Fig. 1(e). Because of symmetry breaking and
large lattice distortion in the breathing kagome lattice,
the bands deviate significantly from the characteristic
band structure of the conventional kagome lattice. The
bandwidths are determined by the hybridization between

the Nb 4d orbitals and the 3p orbitals of the ligand Cl ions
that bridge adjacent Nb3 trimers. The nearly flat band
dispersions signify an extremely weak p-d hybridization,
in contrast to the strong p-d hybridization in cuprates [14].
According to band theory, each filled band can accom-
modate two electrons. As a result, the half-filled 2a1 band,
which is occupied by one electron, is pinned at EF in the
DFT calculations.
The band structure obtained within the single-particle

approximation suggests that α-Nb3Cl8 exhibits a metallic
state with a half-filled band at EF [Fig. 2(a)]. In contrast,
the angle-resolved photoemission spectroscopy (ARPES)
results reveal a clear gap, as shown in Fig. 2(b). Despite
performing the ARPES experiments at room temperature,
the spectra are affected by charging effects. Specifically, the
kinetic energy of photoelectrons decreases with increasing
photon flux. The charging effects suggest that the samples
exhibit highly insulating behavior, which is consistent with
previous transport measurements [35]. By measuring the
kinetic energy with different beamline slit sizes, which are
proportional to photon flux, we determine that the valence
band top at the Γ point is located 0.7 eV below EF (see
Fig. S1 in Supplemental Material [36]).
Except the half-filled band, the bands resolved by

ARPES measurements show excellent consistency with
the DFT calculations over a wide energy range. The
calculations in Fig. 2(a) reveal that the valence band
structure consists of two well-separated sets of bands.
One set originates from the Cl 3p orbitals and lies well
below EF due to the strong electronegativity, while the
other set, with lower binding energies, originates from the
Nb 4d orbitals. The photon energy (hν)-dependent data in
Fig. 2(c) show significant suppression of the spectral
intensities of the bands within 3 eV below EF around
hν ¼ 32 eV, which corresponds to the binding energy
of the Nb 4p orbitals [see Fig. S5(d) in Supplemental
Material [36] ]. This behavior is attributed to the Nb 4p-4d
antiresonance, similar to the Fe 3p-3d antiresonance
observed in iron-based superconductors [37,38], confirm-
ing that these bands originate from the Nb 4d orbitals.
Although the ARPES results reveal a clear gap at EF,

they do not provide information on the gap size because
the bands above EF cannot be detected in the ARPES
experiments. To determine the gap size at EF, we per-
formed photoluminescence (PL) experiments. We note
that PL spectra may also exhibit signals related to
excitonic or impurity states. The PL spectrum excited
by 1.1-eV photons exhibits two peaks at 0.7 and 1.0 eV,
respectively [Fig. 2(d)]. However, the 0.7-eV peak van-
ishes when directly excited by 0.75-eV photons, as
shown in Fig. 2(e). The results suggest that the 0.7-eV
peak does not originate from intrinsic bands or impurity
states. Instead, it is likely associated with an excitonic
state formed by the Coulomb interactions between photo-
excited electrons and holes during the optical excitation
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process. The 1.0-eV peak is attributed to the recombina-
tion of photoexcited electrons at the conduction band
bottom and holes at the valence band top, indicating a gap
size of 1.0 eV in α-Nb3Cl8 [see Fig. S2(b) in Supplemental
Material [36] ].

III. MOTT INSULATOR DESCRIBED BY
SINGLE-BAND HUBBARD MODEL

The observed insulating state with a large gap at EF in
α-Nb3Cl8 contradicts the metallic state predicted by the
DFT calculations within the single-particle approxima-
tion. In a previous report, the ARPES results also showed
an insulating state, which was interpreted as a band
insulator by assuming that EF lies within the band gap
above the calculated half-filled band [39]. Under this
assumption, this band should be fully occupied by two
electrons, resulting in a total of eight valence electrons
filling four Nb 4d bands. However, this interpretation
contradicts the fact that each ½Nb3�8þ trimer possesses
seven valence electrons.
To elucidate the origin of the insulating state, we extract

the experimental band dispersions and compare them with
the band structure calculated using the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional in Fig. 3(a).
Four bands are identified within 3 eV below EF in the
ARPES data [see Figs. S5(a) and S5(b) in Supplemental

Material [36] ]. The lower three bands exhibit excellent
consistency with the DFT calculations, signifying an
accurate description within the single-particle approxima-
tion. However, a notable discrepancy arises in the topmost
band between experiment and calculation. The calcula-
tions suggest a half-filled 2a1 band at EF, whereas the
ARPES data show it well below EF. In addition, the
calculated 2a1 band needs to be renormalized by a factor
of 1.6 to match the experimental data [see Fig. S5(c) in
Supplemental Material [36] ], highlighting the importance
of strong correlation effects on this band beyond the
single-particle approximation. The half-filled band has a
nearly flat dispersion with W ∼ 0.3 eV, while typical U
values on Nb 4d orbitals are on the order of eV [25–28].
Given that U is much larger than W on this half-filled
band, it is thus reasonable to expect a correlation-
driven Mott transition to occur, resulting in the observed
insulating state. In the Mott insulator scenario, the
localized electron in the 2a1 orbital carries an unpaired
spin, resulting in a local magnetic moment of S ¼ 1=2.
This expectation is supported by the magnetic suscep-
tibility data, showing paramagnetic behavior in the α
phase [Fig. 2(f)]. The paramagnetic susceptibility is
well fitted to the Curie-Weiss function, yielding an
effective paramagnetic Bohr magneton of peff ¼ 1.65 μB,
which is consistent with the theoretical value of 1.73 μB
for S ¼ 1=2.
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FIG. 2. Band gap at EF revealed by ARPES and PL spectra. (a) Calculated valence band structure of the monolayer of Nb3Cl8 using
the HSE06 functional. Red and blue curves represent the bands originating from the Nb 4d and Cl 3p orbitals, respectively. (b) Intensity
plot of the ARPES data along M − K − Γ −M. (c) hν dependence of the spectral intensities at three constant energies indicated by the
dashed lines in the inset. Inset: intensity plot of the ARPES data at theM point with varying hν. The spectral intensities are normalized
by photon flux. (d) PL spectrum excited by 1.1-eV photons (red curve). Stray signals caused by the incident light have been subtracted
(see Fig. S3 in Supplemental Material [36]). The peak at 1.0 eV is fitted to a Gaussian function (blue curve). (e) Same as in (d) but
excited by 0.75-eV photons. (f) Temperature-dependent magnetic susceptibility measured upon cooling (blue) and warming (red). The
green dashed curve represents a fitting of the cooling data from 100 to 400 K to the Curie-Weiss function.
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To account for the insulating state in α-Nb3Cl8, electron
correlation effects have been considered in previous spin-
polarized DFT calculations, where long-range ferromag-
netic or antiferromagnetic order was assumed [29,40,41].
However, the resulting magnetically ordered insulating
states are inconsistent with the observed paramagnetic
behavior in α-Nb3Cl8. The static mean-field approximation
in DFTþU calculations is inadequate to describe the Mott
physics in this material. Therefore, we employed dynamical
mean-field theory (DMFT) calculations for this half-filled
band within the Hubbard model. This low-energy physical
model is justified because the half-filled 2a1 band is
isolated from other bands, which have been well described
within the single-particle approximation.
In the single-band Hubbard model, the electronic states

undergo significant changes with increasing U [Fig. 3(b)].
When U exceeds 0.6 eV, the coherent part at EF diminishes
to negligible levels, while the incoherent part becomes well
separated from EF. This indicates that strong correlations
drive a Mott transition, splitting the half-filled metallic
band into LHB and UHB, with EF located within the Mott
gap between them. In Mott insulators, U determines the
magnitude of the splitting between the LHB and UHB,
which corresponds to the energy difference between the
centers of the two bands [see Fig. S2(c) in Supplemental
Material [36] ]. The value of U can be estimated using the
simple formula U ¼ Δþ ðW1 þW2Þ=2, where Δ is the

gap size between the top of the LHB and the bottom of the
UHB, andW1 andW2 are the widths of the LHB and UHB,
respectively. The PL spectrum in Fig. 2(d) has identified Δ
as 1.0 eV. The LHB and UHB should have similar widths
since both of them arise from the splitting of the half-
filled band [13]. The ARPES data show that W1 is about
0.2 eV, and therefore we assume that W2 is also about
0.2 eV. The estimated value of U ∼ 1.2 eV based on our
experimental results agrees well with the calculated value
of U ∼ 1.15 eV, which takes the nonlocal Coulomb inter-
actions into account [42].
Figure 3(c) presents the spectral function of the single-

band Hubbard model at U ¼ 1.2 eV, showing a splitting of
the half-filled band into LHB and UHB, with the magnitude
of the splitting determined by U. The noninteracting half-
filled band needs to be renormalized by a factor of 1.7 when
compared with the LHB and UHB, which is consistent with
the experimental observation. The PL spectrum indicates a
Mott gap size of 1.0 eV, while the ARPES data show that
the top of the LHB lies 0.7 eV below EF, suggesting that EF
does not coincide with the middle of the Mott gap in actual
samples. Similar behavior has been observed in the parent
compounds of cuprate superconductors [43–45]. The
ARPES results in Fig. 3(d) are nearly perfectly reproduced
by the combined band structure from the HSE06 and
DMFT calculations in Fig. 3(e). The half-filled single band
splits into LHB and UHB due to strong correlations, while
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other bands are well described within the single-particle
approximation, as illustrated in Fig. 3(f). The excellent
agreement demonstrates that α-Nb3Cl8 is an ideal Mott
insulator described by the single-band Hubbard model. In
addition, in the Hubbard model, the exchange coupling J ¼
−4t2=U is estimated to be −2.4 meV, with the nearest-
neighbor hopping parameter t estimated to be 0.027 eV
within the tight-binding approximation. The J value is
comparable to the kBθ value of −1.5 meV determined from
the magnetic susceptibility data in Fig. 2(f), with θ ¼
−17.8 K representing the Curie-Weiss temperature.

IV. MOTT INSULATOR STATE IN β PHASE

As the temperature decreases, Nb3Cl8 undergoes a
transition from the paramagnetic α phase to the non-
magnetic β phase at T� ∼ 100 K, accompanied by

significant structural changes [29,30]. The existence of a
nonmagnetic ground state is unusual, as Mott insulators
usually exhibit magnetically ordered states at low temper-
atures. The nonmagnetic state has been proposed to arise
from either spin singlet [29] or ½Nb3�7þ − ½Nb3�9þ charge
disproportionation [30]. An essential question is whether
the Mott physics remains significant in the nonmagnetic
state. To address this, it is necessary to investigate the
electronic structure of the β phase. However, because of
the highly insulating nature at low temperatures, it is not
possible to obtain the electronic structure of β-Nb3Cl8
with ARPES. Fortunately, the α to β phase transition
temperature T� can be tuned from about 100 K to
400 K in the Nb3Cl8−xBrx series with increasing x [46].
Therefore, we synthesize Nb3Cl2Br6 samples, where T� is
near room temperature [Fig. 4(a)]. This method allows
us to investigate the changes in the electronic
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structure across T� through temperature-dependent ARPES
measurements.
The ARPES data in Fig. 4(d) reveal that the band

structure of α-Nb3Cl2Br6 closely resembles that of
α-Nb3Cl8 (see Fig. S7 in Supplemental Material for more
details [36]), confirming α-Nb3Cl2Br6 as a single-band
Mott insulator. The most notable change in the band
structure is the splitting of the LHB in the β phase, as
shown in Fig. 4(e). The temperature-dependent data in
Fig. 4(b) show that the splitting occurs at T�, confirming
that it arises from the phase transition. However, no
discernible changes are observed in the core level
peak of the Nb 4s orbital across T� (see Fig. S8 in
Supplemental Material [36]), indicating a lack of variation
in the valence state of the Nb ions. This observation
contradicts the suggested ½Nb3�7þ − ½Nb3�9þ charge dis-
proportionation [30].
Previous studies have reported significant changes in the

stacking sequence of Nb3Cl8 layers between α and β phases
[29,30,46]. In the α phase, the Nb3 trimers are staggered
between adjacent monolayers [Fig. 4(f)], while in the β
phase, they stack directly on top of each other within each
bilayer [Fig. 4(g)]. Previous DFT calculations have sug-
gested that the structural changes effectively enhance the
interlayer coupling of theNb3 trimers [29,47]. To investigate
the effects on the Mott insulator state, we perform DMFT
calculations for the bilayer of β-Nb3Cl8, considering the
interlayer coupling t⊥, while assuming that U remains
constant across the phase transition. The value of t⊥ is
estimated to be 0.1 eV, which is half of the splitting at the Γ
point calculated by DFT [see Fig. S10(b) in Supplemental
Material [36] ].We note that substituting Cl with Br does not
significantly affect the interlayer coupling strength [47]. As
shown in Fig. 4(c), the DMFT calculations reveal an energy
splitting of bothLHBandUHB in the bilayer ofβ-Nb3Cl8, in
good agreement with the ARPES data in Fig. 4(e).
Therefore, the splitting arises from the enhanced interlayer
hybridization, leading to the formation of bonding-anti-
bonding states in the β phase.
The strong interlayer hybridization within the bilayer in

the nonmagnetic β phase is reminiscent of the observation in
VO2, where a nonmagnetic insulating phase emerges
when the V atoms dimerize [4,5,48]. However, it remains
unclear whether the insulating gap in VO2 arises from
bonding-antibonding splitting [16,17] or electron correla-
tions [5,18–20], i.e., a Peierls-type band insulator or a Mott
insulator. Our ARPES data reveal in β-Nb3Cl2Br6 that the
splitting magnitude of 0.26 eV in the LHB is much smaller
than the Mott gap size of 1.0 eV. It is evident that the
bonding-antibonding splitting has minor effects on theMott
gap, and consequently, the insulating gap is dominantly
determined by U, as illustrated in Fig. 4(i). Therefore, the β
phase still falls within the Mott insulator regime.
The nonmagnetic behavior suggests that the spin-1=2

magnetic moments are quenched in the β phase. In the

on-top stacked Nb3 trimers, a pair of spins is likely to
couple antiferromagnetically, forming an interlayer spin
singlet in the bonding-antibonding states, as illustrated in
Fig. 4(i). This results in a spin-singlet Mott insulator state
that exhibits nonmagnetic behavior. Therefore, despite the
drastic changes in the magnetic properties, the Mott physics
plays a dominant role in both the α and β phases.

V. SUMMARY AND OUTLOOK

Our results firmly establish α-Nb3Cl8 as a canonical
spin-1=2 Mott insulator arising from a half-filled flat band
with U ≫ W. Since this band, derived from a single 2a1
orbital, is isolated from the high-energy bands, the Mott
insulator state can be ideally described by the single-band
Hubbard model. The localization of electrons in the Nb3
trimers, due to the long distance between them, suppresses
the electronic kinetic energy, leading to a Mott transition.
This transition straightforwardly manifests the Mott phys-
ics envisioned in Mott’s thought experiment [2].
Given the numerous intriguing physical phenomena that

have emerged from Mott insulators, there is a strong
motivation to manipulate the Mott insulator state in
Nb3Cl8, as well as in related systems like Nb3Br8 and
Nb3I8, through various methods such as doping, pressure,
magnetic fields, and optical pulses. Because of the
weak vdW coupling, Nb3Cl8 crystals can be easily exfo-
liated into few-layer or even monolayer flakes [35,39],
making it convenient to study and utilize the Mott insulator
state [49,50]. For instance, a magnetic-field-free Josephson
diode has been recently achieved in a vdW heterostructure
based on its sister material Nb3Br8 [51,52]. It is feasible
and desirable to fabricate Mott insulator-based devices with
this family of materials to produce more exotic quantum
phenomena. A previous study has revealed that the tran-
sition from the α to β phase is entirely suppressed in thin
flakes, resulting in the paramagnetic state persisting
down to 2 K [30]. While the calculations suggest a 120°
antiferromagnetic ground state in the monolayer [42],
geometric frustration in the triangular lattices formed by
the spin-1=2 Nb3 trimers may lead to more exotic ground
states, such as a quantum spin liquid or resonating valence
bond state. Lastly, flat-band systems, characterized by a
high density of states at EF and quenched electronic kinetic
energy, are considered a fertile ground for strongly corre-
lated phases of matter [41,53–55]. The Mott insulator state
derived from a single flat band makes Nb3Cl8 a paradig-
matic system that exemplifies strongly correlated physical
phenomena resulting from flat-band effects. Our discovery
will stimulate intensive exploration of the flat-band effects
in the materials database.
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