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ABSTRACT 

The kagome lattice provides a playground to explore novel correlated quantum states due to the presence of 
flat bands in its electronic structure. The recently discovered layered kagome compound Nb3 Cl8 has been 
proposed as a Mott insulator coming from the half-fil led flat band. Here, we have carried out a systematic 
transport study to uncover evidence of the Mott insulator in Nb3 Cl8 thin flakes. A bipolar semiconducting 
property with Fermi level close to the conduction band has been revealed. We have further probed the 
chemical potential of Nb3 Cl8 by tracing the charge neutrality point of monolayer graphene proximate to 
Nb3 Cl8 . The gap of Nb3 Cl8 flakes is ∼1.10 eV at 100 K and shows pronounced temperature dependence, 
decreasing substantially with increasing temperature to ∼0.63 eV at 300 K. The melting behavior of the 
gapped state is consistent with the theoretically proposed Mott insulator in Nb3 Cl8 . Our work has 
demonstrated Nb3 Cl8 as a promising platform to study strongly correlated physics at relatively high 
temperature. 
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doping, thereby limiting the potential application of 
Mott materials. 

The system exhibiting flat band offers a promis- 
ing route toward realizing Mott insulating states, 
in which Coulomb interactions are significantly 
stronger than the kinetic energy, readily enabling 
strong electron correlations, such as in artificial su- 
perlattices [22 –24 ]. Alternatively, flat band struc- 
tures can be naturally engineered in one promising 
route: the kagome lattice [25 –27 ]. The kagome lat- 
tice is a geometrically frustrated structure consti- 
tuted by corner-sharing triangles, with the coexis- 
tence of Dirac cone, van Hove singularity and flat 
bands in its electronic structure, making this system 

a fertile platform on which to investigate the vari- 
ous quantum phenomena originating from the in- 
terplay between topology, geometry and correlation 
[28 –30 ]. However, the correlated phenomena asso- 
ciated with the flat bands remain largely underex- 
plored. One prime reason is that the flat bands in the 
metallic kagome materials lie away from the Fermi 

©The Author(s) 2025. Published
Commons Attribution License (h
work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/12/nw

af464/8314058 by N
ATIO

N
AL IN

STITU
TE FO

R
 M

ATER
IALS SC

IEN
C

E user on 24 D
ecem

ber 2025
NTRODUCTION 

lectron correlation-induced Mott insulators serve
s parent phases for numerous strongly correlated
henomena, including high-temperature supercon-
uctors and magnetism [1 ,2 ]. Mott insulators are
ommonly observed in materials such as layered
erovskites (e.g. La2 CuO4 [3 –5 ], Sr2 IrO4 [6 –8 ]),
onometallic oxides (e.g. V2 O3 [9 ,10 ], NiO [11 –
3 ]), transition-metal dichalcogenides (e.g. NiS2 
14 ,15 ], 1T-TaS2 [16 –18 ]) and so on. These sys-
ems exhibit complex many-body ground states that
annot be explained by the conventional band the-
ry of solids. A hallmark feature of Mott insulators
s the half-filled electronic band structure near the
ermi level, where the strong on-site Coulomb in-
eractions localize the electrons, preventing charge
ransport and opening a Mott gap [19 –21 ]. However,
chieving precise control over the electronic state in
onventional Mott insulators often relies on extreme
onditions (such as high pressure, cryogenic tem-

eratures) or irreversible methods such as chemical 
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urface and intertw ine w ith other bands [25 ,31 –
4 ], which precludes the exploration of correlated
ehavior contributed from the flat bands. Addi-
ionally, both the difficulty in producing ultra-thin
akes [35 ] (although the AV3 Sb5 family is a van der
aals material [36 ]) and the absence of band gap

n kagome metals limit their potential application in
ano-electronic devices. Thus, layered semiconduct-
ng kagome materials with isolated flat bands near
he Fermi level are exceptionally interesting. 
Recently, a new family of van der Waals kagome

ompounds, Nb3 X8 ( X = Cl, Br, I), has been pro-
osed as an ideal system in which to study the
trongly correlated physics [37 –43 ]. In these lay-
red materials, the Nb atoms in each layer form a
rigonally distorted kagome lattice, namely breath-
ng kagome lattice, as shown in Fig. 1 a and b
or Nb3 Cl8 . Angle-resolved photoemission spec-
roscopy (ARPES) experiments with calculations of
b3 Cl8 crystals have revealed that the flat band is
eparated from other bands, away from the Fermi
evel, and a single-particle band gap arising from
ymmetry breaking opened at the Fermi surface
38 ]. However, the latest ARPES measurements and
alculations present different results—the flat band
ies near the Fermi level and is half-fil led, giving rise
o a Mott gap that can be described by using single-
and Hubbard model [40 ]. Understanding the na-
ure of the ground state is very instructive for fur-
her exploring the fascinating electronic phases in
b3 Cl8 . 
In this work, we fabricated hexagonal boron

itride (hBN)-encapsulated dual-gated devices of
b3 Cl8 thin flakes. This allows us to directly mea-
ure the resistance modulated by the gate voltages
nd assess its relationship with temperature. Elec-
ronic transport measurements reveal that Nb3 Cl8 
xhibits semiconducting behavior with ambipolar
haracteristics. To investigate the nature of the band
ap, monolayer graphene (MLG) was employed to
onitor the chemical potential μ of Nb3 Cl8 . A gap
f ∼1.10 eV was observed at 100 K via tracking
he charge neutrality point (CNP) of MLG, exhibit-
ng significant temperature dependence with rapid
eduction at elevated temperatures. This behavior
trongly contrasts with that of the conventional
ingle-particle gap, in which the gap remains nearly
emperature-independent, and can be attributed to
he emergence of a Mott gap driven by strong elec-
ron correlations. 

ESULTS 

igure 1 c shows the non-interacting band structure
f bulk Nb3 Cl8 with a bilayer stacking periodicity,
Page 2 of 8
in which flat bands cross the Fermi level in indi- 
v idual layers w ith half-fil led occupation states. No- 
tably, the number of half-fil led flat bands at the Fermi 
surface in the single-particle framework equals the 
stacking periodicity in the bulk Nb3 Cl8 . Due to the 
exceptionally weak coupling between neighboring 
layers, the electronic properties of each layer are pri- 
marily dominated by intralayer characteristics. The 
flat band in monolayer Nb3 Cl8 is also half-fil led 
across the Fermi level without electron correlations 
(as shown in Fig. S4). Nb3 Cl8 thin flakes can be 
readily mechanically exfoliated from the bulk crystal; 
Fig. 1 d shows the optical image of a typical Nb3 Cl8 
thin flake with a thickness of ∼2.6 nm, determined 
by using atomic force microscopy (Fig. 1 e). The 
hBN-encapsulated dual-gated device, as schemati- 
cal ly i l lustrated in Fig. 1 f, was fabricated by using
dry transfer techniques and standard nanofabrica- 
tion techniques. The two-terminal conductance of a 
typical 2.6-nm-thick sample S1 (inset in Fig. 1 g), as a 
function of the gate voltages, exhibits a bipolar semi- 
conducting characteristic that is slightly electron- 
doped, as shown in Fig. 1 g. Similar behavior has 
been observed in device S2, which has a thickness of 
4.2 nm (see Fig. S3). 

Interestingly, even when highly doped with elec- 
trons, i.e., at Vtg = Vbg = 10 V, corresponding to 
a carrier density of ∼n = 1 . 3 × 10 13 cm−2 , the
sample exhibits robust insulating behavior with clear 
thermal activation observed over a wide tempera- 
ture range (100–260 K). By using the Arrhenius for- 
mula R ∝ exp [ −�/ 2 kB T] , where kB is the Boltz- 
mann constant, the thermal activation gap � as a 
function of Vtg is quantitatively depicted in Fig. 1 h, 
with the insert showing the two-terminal resistance 
versus temperature at different Vtg . We note that the 
four-terminal measurements (shown in Fig. S2) il- 
lustrate essentially the same features, including the 
magnitude and variation of �with Vtg , as marked by 
the pink dots in Fig. 1 h. Therefore, we consider the
two-terminal data presented here to be compelling 
and they provide a definitive representation of the 
fundamental properties of Nb3 Cl8 flakes. 

Surprisingly, a gap of up to ∼105 meV can sti l l
be revealed at Vtg = Vbg = 10 V, highly indicating 
the presence of strong electron interactions. The 
interaction strength can be qualitatively described 
by using the ratio between the potential energy 
and the kinetic energy, which can be expressed as 
rs = 

nνm∗e2 
4 πε�2 √ 

πn , where nν is the number of degener- 
ate valleys, ε is the dielectric constant and m∗ is the 
effective electron mass [44 ]. For Nb3 Cl8 , we calcu- 
lated rs ≈ 24 . 8 (60 . 9 ) for the valence (conduction) 
band, with nν = 1 , m∗ = −2 . 53 m0 (6 . 20 m0 ) ,
ε = 3 ε0 (the effective electron mass and 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf464#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf464#supplementary-data
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Figure 1. Fundamental properties of Nb3 Cl8 . (a, b) Crystal structure of Nb3 Cl8 . The Nb atoms in each layer form a trigonally 
distorted kagome lattice. (c) Non-interacting band structure of bulk Nb3 Cl8 with a bilayer stacking periodicity. (d, e) Optical 
image of the exfoliated thin flake of Nb3 Cl8 . Scale bar: 10 μm . (e) Atomic force microscopy image of Nb3 Cl8 and the height 
profile along the the blue line. The corresponding thickness is ∼2.6 nm measured by using atomic force microscopy. (f) 
Schematic of hBN-encapsulated dual-gated device of Nb3 Cl8 . The top gate and electrodes are made of Au. (g) Two-terminal 
conductance of Nb3 Cl8 as a function of the top gate voltage. Insert: optical image of the device S1, scale bar: 10 μm . (h) 
Thermal activation gap measured with two-terminal (blue dots) and four-terminal (pink dots) configuration as a function of 
the top gate voltage. Insert shows the experimental data from 260 to 100 K fitted by using the Arrhenius formula. During the 
measurements of device S1, the applied bottom gate voltage is equal to the top gate voltage. 

d  

s  

o  

a  

a  

d  

c  

p  

t
 

M  

t  

g  

S  

t  

[  

N  

l  

m  

d  

c  

t

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/12/nw

af464/8314058 by N
ATIO

N
AL IN

STITU
TE FO

R
 M

ATER
IALS SC

IEN
C

E user on 24 D
ecem

ber 2025
ielectric constant are calculated from the band
tructure of Nb3 Cl8 and the geometric capacitance
f the MLG/hBN/Nb3 Cl8 system, respectively,
s described in the Supplementary information),
nd n = 1 . 3 × 10 13 c m−2 for the largest carrier
ensity in our experiments. The ultra-high rs value
onfirms that Nb3 Cl8 is a strongly correlated system,
otentially giving rise to exotic phenomena such as
he existence of an intrinsic Wigner crystal. 
Furthermore, to investigate the nature of the gap,
LG was employed to probe the chemical poten-

ial μ of Nb3 Cl8 , as shown in the schematic dia-
ram of the measurement configuration in Fig. 2 a.
uch a methodology has been widely used to
rack the chemical potential in various 2D systems
45 –48 ]. In the heterostructure devices, MLG and
b3 Cl8 thin flakes are separated by a thin hBN

ayer ( ∼5 nm). Figure 2 b shows the band align-
ent of MLG and Nb3 Cl8 with the control of
ouble gates. Here, we set μMLG = 0 when the
arrier density of MLG, nMLG = 0 , corresponding
o the CNP. Then, the chemical potential μNb3 Cl8 
Page 3 of 8
and carrier density nNb3 Cl8 of the Nb3 Cl8 flake are 
given by: 

μNb3 Cl8 = − eCtg Vtg 
Ceff 

, (1) 

nNb3 Cl8 =
Cbg Vbg 

e 
+

(
Cbg + Ceff 

)
Ctg Vtg 

eCeff 
, (2) 

where Ceff is the effective geometric capacitances 
per unit area considering both the dielectric proper- 
ties of hBN and Nb3 Cl8 , e is the elementary charge,
and Ctg and Cbg are the geometric capacitances per 
unit area of the top hBN and bottom hBN, re-
spectively (see Supplementary information for de- 
tailed derivation). Apparently, the evolution of the 
CNP in MLG can reflect the carrier density nNb3 Cl8 - 
dependent chemical potential μNb3 Cl8 of the Nb3 Cl8 
flake. 

Figure 2 c presents the four-terminal resistance of 
MLG as a function of Vtg and Vbg at T = 200 K.
Based on carrier doping, the 2D color map can be di- 
vided into nine regions, as shown in Fig. 2 c, and the
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Figure 2. MLG/hBN/Nb3 Cl8 heterostructure device. (a) Schematic of the methodology. MLG and Nb3 Cl8 are separated by 
a thin hBN layer. (b) Band alignment of MLG and Nb3 Cl8 , illustrating the relationship between the chemical potentials of 
MLG ( μMLG ) and Nb3 Cl8 ( μNb3 Cl8 ), with the control of the top gate voltage ( Vtg ), bottom gate voltage ( Vbg ) and the electrostatic 
potential drops V0 , V1 , V2 . e is the elementary charge. (c) Resistance of MLG measured at 200 K. This 2D color map can be 
divided into nine regions based on the trace of the CNP and its inflection points (indicated by the dashed white lines) of the 
MLG. The line cuts of MLG resistance are shown on the right panel of (c). (d) Band alignments of MLG and Nb3 Cl8 across the 
nine regions shown in (c). 
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orresponding band alignments between MLG and
b3 Cl8 are depicted in Fig. 2 d. The doping states of
b3 Cl8 are divided into three distinct regions: hole-
oped, charge-neutral and electron-doped (from left
o right), based on the two white dashed lines at
bg = −2 . 11 V and −0 . 35 V. The resistance at the
irac point of MLG varies, depending on the type of
arrier doped into the Nb3 Cl8 , as shown on the right
ide of Fig. 2 c. Owing to the screening effect from
he MLG, the Fermi level of the Nb3 Cl8 is slightly
ependent on the top gate Vtg . For MLG, the CNP
s characterized by a resistance peak, which clearly
efines the transition between the electron-doping
nd hole-doping regions. Noted that the track of the
NP does not pass through the point at Vtg = 0
nd Vbg = 0 , which can be attributed to the type- Ⅲ
and alignment between MLG and Nb3 Cl8 , as i l lus-
rated in Fig. 2 d- Ⅸ . When MLG was placed closed
o Nb3 Cl8 , the electrons in the MLG spontaneously
ransferred to the Nb3 Cl8 , even though these two
hin flakes were isolated by the spacer layer of hBN,
imilarly to the graphene/hBN/RuCl3 device previ-
usly reported [49 ]. In this case, the Fermi level for
LG should be positioned in the valence band in-
Page 4 of 8
stead of the CNP at the initial state ( Vtg = 0 , Vbg =
0 ) due to the charge-transfer behavior. 

The phase diagram of MLG resistance versus 
the gate voltage (Fig. 2 c) can be transformed into 
the parameter space of Vtg − nNb3 Cl8 by using Equa- 
tions ( 1 ) and ( 2 ), as plotted in Fig. 3 a, which con-
veniently i l lustrates the evolution of the chemical 
potential μNb3 Cl8 with continuous hole or electron 
doping at T = 200 K. The chemical potential of 
Nb3 Cl8 ( μNb3 Cl8 ) can be determined by tracking 
the CNP position of MLG and μNb3 Cl8 exhibits a 
linear dependence on the Vtg applied to the CNP 

region, as theoretically illustrated by Equation ( 1 ). 
Figure 3 b shows the variation in the chemical po- 
tential μNb3 Cl8 as a function of nNb3 Cl8 by tracking 
the CNP of MLG (solid white line in Fig. 3 a). On
the electron side, μNb3 Cl8 saturates at approximately 
–0.54 eV. As the carrier density decreases, μNb3 Cl8 
sharply decreases and approaches –1.40 eV on the 
hole side, whereupon, the magnitude of gap �μ in 
the Nb3 Cl8 is ∼0.86 eV at 200 K, which is consis- 
tent with the theoretical calculations and the optical 
experiments [38 ,40 ]. The μNb3 Cl8 is almost a con- 
stant (Figs 3 and 4 a) whether on the electron or hole
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Figure 3. Chemical potential of Nb3 Cl8 . (a) Resistance of MLG versus Vtg and the carrier density of Nb3 Cl8 at 200 K. The white 
lines indicate the CNP positions of the graphene. By tracking the position of the CNP, where all charge carriers reside in Nb3 Cl8 
layers, the relative chemical potential of Nb3 Cl8 (linear with Vtg ) as a function of nNb3 Cl8 can be obtained. (b) Chemical potential 
of Nb3 Cl8 versus its carrier density, extracted from the map in (a). The chemical potential of Nb3 Cl8 is pinned at −1 . 40 eV on 
the hole side and −0 . 54 eV on the electron side, yielding a gap with a value equal to �μNb3 Cl8 ∼ 0 . 86 eV . (c–e) Hubbard 
band filling of Nb3 Cl8 . The Fermi level remains at the lower Hubbard band (e) when the carrier density is < 1 × 10 12 cm−2 ; 
as the carrier density increases, the Fermi level rises to the Mott gap (d) and eventually reaches the upper Hubbard band (c). 
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ide, which implies the existence of flat bands near
he Fermi level in Nb3 Cl8 . It is noted that the jump in
Nb3 Cl8 occurs at ∼nNb3 Cl8 = 1 × 10 12 cm−2 , rather
han nNb3 Cl8 = 0 , and the extracted μNb3 Cl8 is always
egative, which further demonstrates the charge-
ransfer doping in the MLG/hBN/Nb3 Cl8 het-
rostructure. 
Figure 4 a displays the temperature-dependent

hase diagram of MLG measured from 100 to
00 K, with the corresponding �μNb3 Cl8 plotted
n Fig. 4 c, marked by stars. Obviously, the magni-
ude of gap �μNb3 Cl8 is ∼1.10 eV at 100 K and
s then reduced to 0.63 eV at 300 K. Similar re-
ults were also observed in device M2, as marked
ith dots. This dramatic decreasing phenomenon
ith increasing temperature is in strong contrast
o the characteristics of conventional semiconduc-
ors, in which the band gaps change only slightly
ith increasing temperature [50 ,51 ]. To further con-
rm the difference between Nb3 Cl8 and conven-
ional semiconductors, we probed the chemical po-
ential μ of bilayer WSe2 , the band gap of which is
1.2 eV [52 ,53 ]. Similarly to the structure of the
LG/hBN/Nb3 Cl8 heterostructure device, bilayer
Se2 and MLG are separated by a thin hBN layer.
igure 4 b shows the four-terminal resistance of MLG
n the parameter space of Vtg –nWSe2 from 100 to
00 K on the device MLG/hBN/WSe2 heterostruc-
ure. Clearly, the CNP of MLG crosses Vtg = 0 and
Page 5 of 8
nWSe2 = 0 , in contrast to that observed in Figs 2 c
and 3 a, which is accordance with the band alignment 
between MLG and WSe2 [54 ]. Similarly, the chem- 
ical potential of WSe2 can be obtained by the CNP 

of MLG. As shown in Fig. 4 c, marked with triangles,
the band gap in bilayer WSe2 is ∼1 eV and nearly un-
changed with temperature. 

The evolution of the band gap in Nb3 Cl8 with 
temperature is reminiscent of strong electron inter- 
actions generated Mott insulator, in which the rate 
of band-gap reduction is significantly faster than that 
in conventional semiconductors. For the latter, the 
band gap is primarily governed by the static elec- 
tronic structure, with minimal temperature depen- 
dence. However, the Mott gap is highly temperature- 
dependent due to the strong electron correlations. 
At elevated temperatures, thermal fluctuations may 
disrupt the strong electron correlations, thereby fa- 
cilitating the previously suppressed electronic tran- 
sitions and leading to a significant reduction in the 
Mott gap, with the decrease in the gap size being an
order of magnitude larger than kB T [55 ,56 ]. 

Figure 4 d and e show the band structures for
both monolayer and bulk Nb3 Cl8 based on den- 
sity functional theory plus Hubbard U correction 
(DFT + U), respectively. With the electron corre- 
lations having been considered, the half-filled flat 
band near the Fermi level splits into upper and lower
Hubbard bands, giving rise to a Mott gap. Similar 
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Figure 4. Mott insulating behavior of Nb3 Cl8 . (a, b) Four-terminal resistance of MLG measured from 100 to 300 K on the device 
of (a) MLG/hBN/Nb3 Cl8 and (b) MLG/hBN/WSe2 heterostructures, respectively. The chemical potential of the Nb3 Cl8 /bilayer 
WSe2 can be obtained according to the CNP of MLG. (c) Gap of Nb3 Cl8 and bilayer WSe2 from 100 to 300 K , calculated based 
on the difference in chemical potential between the electron- or hole-doped regime. As the temperature increases, the gap 
of Nb3 Cl8 (represented by stars and dots for devices M1 and M2, respectively) decreases sharply, in strong contrast to that 
of WSe2 (triangles), which is nearly independent of temperature. (d, e) Band structure of (d) monolayer and (e) bulk Nb3 Cl8 
after considering the electron correlation effect with Hubbard term Ueff = 2 eV . The strong electron correlations split the 
half-filled band near the Fermi level (shown in Fig. 1 c and Fig. S4a) into upper and lower Hubbard bands, giving rise to a Mott 
gap. 
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o the band structure in Fig. 1 c, the number of up-
er and lower Hubbard bands in the single-particle
ramework equals the stacking periodicity in bulk
b3 Cl8 . When the chemical potential of Nb3 Cl8 is
inned at –1 .40 eV, as shown in Fig. 3 b, the Fermi
evel remains at the lower Hubbard band, as shown
n Fig. 3 e. As the carrier density increases, the Fermi
evel crosses the gap and eventually reaches the up-
er Hubbard band, as shown in Fig. 3 d and c. Noted
Page 6 of 8
that Fig. 3 c–e serve as an effective schematic to il-
lustrate the evolution of the electronic structure in 
the low-doping regime. When the doping level be- 
comes higher, the Fermi level wi l l not simply en-
ter the lower or upper Hubbard bands. Instead, the 
electronic structure wi l l reshuffle, whereupon the 
observed insulating behavior at high temperatures, 
significant temperature-dependent band-gap reduc- 
tion and band-structure calculations collectively 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf464#supplementary-data
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rovide compelling evidence of Mott insulating be-
avior in Nb3 Cl8 , which persists up to room tem-
erature. Furthermore, the Mott state is related to
he localization of one electron on each Nb3 clus-
er, which yields a [Nb3 ]8 + valence state with local-
zed S = 1/2 moments [57 ]. This cluster magnetism
akes Nb3 Cl8 a promising platform for exploring ex-
tic magnetic phases, such as quantum spin liquids. 

ISCUSSION 

n summary, we performed systematic electronic
ransport measurements to reveal the evidence of
ott states in Nb3 Cl8 . The bipolar semiconduct-

ng characteristic was observed by using direct mea-
urements on Nb3 Cl8 flakes. By employing MLG
s the detector layer, the gap size of the Nb3 Cl8 
akes, extracted from the chemical potential dif-
erence between the hole- and electron-doped re-
ions, is highly sensitive to temperature. This be-
avior strongly contrasts with that of conventional
emiconductors and is attributed to the formation of
he Mott gap. The room-temperature Mott insulat-
ng behavior in Nb3 Cl8 provides a promising plat-
orm for investigating strongly correlated physics as
ell as moiré engineering in the future. 
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