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Stacking and twisting van der Waals materials provide a powerful tool to design quantum matter
and engineer electron correlation. For instance, monolayers of 1T- and 1H-TaS2 are Mott insulating
and metallic (also superconducting), respectively, and thus, the T/H bilayer systems have been ex-
tensively investigated in the context of heavy fermions and unconventional superconductivity, which
are expected phases from localized spins (1T) coexisting with itinerant electrons (1H). However,
recent studies revealed that significant charge transfer from the 1T to 1H layers removes the 1T
Mottness and renders the above scenario elusive. In this work, we propose a T/T/H trilayer het-
erostructure by combining a T/T bilayer – which is a band insulator with flat dispersion – with a
1H layer. After charge redistribution, this trilayer heterostructure shows localized spins in the Mott
flat band of the T/T bilayer and weak spin polarization in the metallic H layer. We argue that by
varying the stacking configurations of the T/T bilayer in the T/T/H trilayer, a crossover from a
doped Mott insulator to a Kondo insulator can be achieved. The T/T/H trilayer provides therefore
a rich novel heterostructure platform to study strong correlation phenomena and unconventional
superconductivity.

Introduction – Van der Waals (vdW) materials have re-
cently revolutionized the study of quantum matter, pro-
viding unprecedented control over electronic correlations
and emergent phases [1–3]. A prime example is twisted
bilayer graphene, where flat bands amplify Coulomb
interactions, yielding unconventional superconductivity
and correlated insulators [3–6]. Inspired by such dis-
coveries, transition metal dichalcogenides (TMDCs) have
emerged as versatile platforms for engineering quantum
phases [7, 8]. Particularly TaX2 (X=S, Se) have been
highlighted due to its distinctive properties in various
polytypes. Among the polytypes of TaX2, 1T-TaX2

is a Mott insulator with
√
13 ×

√
13 charge density

wave (CDW) structure forming Star-of-David (SoD) clus-
ters [7, 9–11]. It forms a spin-1/2 triangular superlattice
that is being intensively discussed as a quantum spin liq-
uid candidate [12–20]. In contrast, 1H-TaX2 is an Ising
superconductor with a competing 3× 3 CDW phase [21–
24].

Heterostructures made of the combination of these con-
trasting states, as it is the case of 4Hb-TaS2, which con-
sists of alternating 1T and 1H layers, have been ex-
ploited as promising platforms for exploring emergent
phenomena resulting from the coexistence of Mott in-
sulating and superconducting phases, including uncon-
ventional superconductivity [25–28] and Kondo-like be-
havior [19, 20, 29, 30]. However, in such heterostruc-
tures, a considerable charge transfer from the 1T to the

1H layer is expected, due to, among others, the different
work functions of the layers. The 1H layer takes up to
one electron per SoD away from the 1T layer in 4Hb-
TaS2 and in bilayer 1T/1H-TaS2, depending on the dis-
tance between layers. This complicates the preservation
of a Mott insulating half-filled spin-1/2 triangular lattice
at the 1T layer hybridizing with the itinerant electrons
of the 1H layer, and leads instead to a heavily doped
Mott system [31, 32]. These challenges have led to con-
troversial interpretations of sample-dependent electronic
properties in these platforms, as some samples seem to
display Kondo-like behavior due to localized spins hy-
bridizing with itinerant electrons [29, 30], while other
samples do not observe localized spins as a result of the
strong charge transfer that vacates the localized state of
1T SoD [26, 33, 34].

In this work, we propose an alternative heterostruc-
ture, a trilayer T/T/H-TaS2, which promises to display
a rich variety of correlated phases and yet is free from
the difficulties in T/H bilayer. While the T/T bilayer
is a band insulator, where the interlayer hybridization
quenches the spin degrees of freedom and disrupts the
Mott bands [35–37], the nearly one electron transfer to
the 1H monolayer leaves behind a single electron in the
T/T bilayer, restoring Mott behavior. The interlayer
stacking of the T/T bilayer controls the hybridization
strength and charge transfer and indicates the possibility
in the trilayer of a crossover from a doped Mott insulator
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FIG. 1. Electronic structure of monolayer 1T-TaS2 and
bilayer T/T-TaS2. (a) Schematic illustration showing the
transition from a Mott insulator (monolayer) to a band insu-
lator (bilayer) driven by interlayer hybridization. The yellow
arrows represent local spins at the center of the Star of David
which get quenched in the band insulator. (b,c) correspond-
ing band structures and density of states for (b) monolayer
1T-TaS2 and (c) bilayer T/T-TaS2, demonstrating the evo-
lution from a correlation-driven gap to a hybridization gap.
Majority and minority spins are denoted as a solid and dashed
lines, respectively. The Fermi level is set to 0 eV.

(similar to the T/H bilayer case) to a Kondo insulator.
Apart from the presence of localized spins in the T/T
bilayer, the 1H monolayer exhibits spin-polarized itiner-
ant electrons and may lead to unconventional supercon-
ductivity. In addition, we note that some recent exper-
iments demonstrate the feasibility of realizing such tri-
layer heterostructures by thermal annealing [38–41], and
laser-induced polytype transformation [42, 43] in bulk
1T-TaS2.

Computational Methods – Spin-polarized density func-
tional theory (DFT) calculations were performed using
the Vienna ab initio Simulation Package (VASP) im-
plementing the projector augmented wave method [44].
We used the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation energy functional [45], and incorporated van
der Waals interactions using the DFT-D3 method with
the Becke-Johnson damping function [46]. The electronic
correlation in Ta 5d electrons in 1H-TaS2 and 1T-TaS2
layers is modeled within the DFT+U implementation of
Dudarev et al. [47] and considering Ueff,1H=2.82 eV and
Ueff,1T=1.76 eV [48], respectively. The kinetic energy
cutoff was set to 400 eV for the plane-wave basis. The
first Brillouin zone is sampled by 8×8 Γ-centered k-point
mesh.

Results and Discussion – 1T-TaS2 undergoes a CDW
transition to a commensurate

√
13 ×

√
13 superlattice

FIG. 2. The variation of the hybridization gap in bi-
layer T/T-TaS2 due to interlayer stacking. (a-c) The
top view of atomic structures for bilayer T/T-TaS2 with TA,
TB, and TC stacking, respectively. Two SoD clusters by Ta
atoms in each layer are depicted in blue and red stars. All S
atoms are omitted for clarity. (d-f) Corresponding electronic
band structures. All bands are doubly degenerate due to the
inversion and time-reversal symmetries. From TA, to TB, and
TC, the bandwidth increases due to enhanced in-plane hop-
ping and the band gap reduces.

around 200 K [9] where twelve Ta atoms surrounding a
central Ta are displaced towards the center. This results
in a SoD structure that opens a gap of approximately 0.5
eV, which arises as the twelve Ta 5d1 electrons form a
molecular orbital [36, 37]. The remaining spins localized
at the center of the SoD form a triangular lattice in the
1T-TaS2 superlattice and become Mott-localized [12, 49].
Our calculations demonstrate a band gap of about 0.3
eV within the CDW gap, as shown in Fig. 1(b). We note
that we find the SoD structure to be stable in monolayers,
T/T bilayers and T/T/H trilayers.

When two 1T layers are stacked, the number of elec-
trons in the unit cell becomes even. Since the two layers
are assembled with the two SoD structures facing each
other, localized spins in opposite layers form a singlet
state due to the interlayer hybridization. This results
in a band insulator, as illustrated in Fig. 1(a,c) [35, 36]
with fully filled bonding- and empty antibonding-bands.
As expected, the band gap of the T/T bilayer is only
marginally affected by on-site repulsion U , whereas 1T
monolayer, being a genuine Mott insulator (half-filled
band), exhibits a clear dependence on U (as discussed in
Supporting Information 1). We note that the top valence
band (bonding-band) is even flatter in the T/T bilayer
than in the 1T monolayer and, upon hole doping, cor-
relation effects are expected to be significant, turning it
into a (doped) Mott band.

Next we show that the T/T bilayer band structure is
extremely sensitive to the interlayer stacking order. In
a 1T monolayer, thirteen Ta atoms in a SoD are classi-
fied into three groups [35, 50]: one central atom, inner
hexagon atoms (six atoms), and outer corners atoms (six
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atoms). When two 1T layers are stacked, the Ta atoms
can be categorized into three groups based on the in-
plane shift between two SoD. We note the direct stack-
ing with no shift TA, shift to the inner hexagon TB and
shift to the outer corner TC, as illustrated in Fig. 2(a-
c). The lateral displacement reduces the inter-SoD cou-
pling [37] but enhances the in-plane hopping [35, 51, 52].
Consequently, from TA to TB and TC, the top valence
and bottom conduction bands increase in bandwidth and
their energy gap decreases. The TC case even shows a
zero indirect gap (see Fig. 2(f)). Invoking the concept
of chemical hardness, which stipulates the resistance to
electron transfer in a system is proportional to the band
gap [53], we expect that the three stacking orders will ex-
hibit distinct charge transfer from the T/T bilayer to the
1H layer upon the formation of the T/T/H heterostruc-
ture. In the T/T bilayer, the TA stacking is the most
stable in comparison to the TB and TC stackings, with
relative formation energies of 83 and 159 meV per SoD
pair, respectively. A previous DFT study on bulk 1T-
TaS2 [50] showed that charge doping or lattice strain can
change the relative energy between TA and TC stackings.
This indicates that the stacking energetics in the T/T/H
trilayer may deviate from the T/T bilayer case.

We next investigate the electronic behavior of a trilayer
heterostructure formed by a T/T bilayer in proximity
to a 1H monolayer. The supercell is constrained to a√
13 ×

√
13 superlattice to incorporate the SoD struc-

ture. The 3 × 3 CDW in the 1H layer, which exhibits
only marginal differences in charge transfer compared to
1 × 1 1H [31], is neglected in these calculations. The
interlayer separations in the optimal structures between
the bottom 1H layer and the middle 1T layer is about
5.82±0.01 Å, close to that of T/H bilayer, of 5.81 Å [31].
And the optimal distances between the 1T layers in the
T/T/H trilayer and in the T/T bilayer are the same
(5.85±0.01 Å) for the three kinds of stacking orders. The
resulting charge redistribution in the T/T/H trilayer can
be rationalized by the competition between the interlayer
interactions of the middle T layer with the top T layer
and the bottom H layer. The electronic structures of
the three trilayer heterostructures considered are shown
in Fig. 3. The TC case (Fig. 3(e,f)) can be straightfor-
wardly explained. Because of weak T/T layer coupling,
the middle T layer loses one electron to the H layer and
therefore the top T layer keeps approximately one un-
paired electron per SoD. Consequently, the top T layer
recovers a flat band Mott state, and the H layer exhibits
weak spin polarization near the Fermi surface (Fig. 3(f)).
Due to reduced hopping in the plane, the new Mott band
is flatter than for the corresponding TC stacking in the
T/T bilayer case. Although the middle T layer becomes
nearly a band insulator, it mediates the top-bottom cou-
pling for the coexistence of localized spins in Mott bands
and itinerant electrons in metallic bands, suggesting a

FIG. 3. Spin density and band structures of trilayer
T/T/H-TaS2 with different T/T stacking orders. (a)
Top view (upper panel) and side view (lower panel) of spin
density for the TA stacking. Blue and orange regions indicate
opposite spin orientations. SoD clusters in the top and middle
1T layers are outlined in blue and red lines, and the triangular
lattice in 1H layer is shown in gray lines. The central Ta atom
is highlighed in yellow. (b) Band structure and layer-resolved
density of states for the TA trilayer. Majority and minority
spin states on two 1T layers are depicted in blue and orange
lines, while spin states in 1H layer are represented by dark
and dim gray lines. (c,d) Corresponding plots for the TB,
and (e,f) for the TC stacking.

possibility of heavy-fermion behavior. In the presence of
superconductivity, the induced spin polarization in the
1H layer may favor p-wave Cooper pairing [54–57].

The TA stacking case (Fig. 3(a,b)) exhibits slightly
smaller electron transfer of 0.8 electron to the H layer
than the TC stacking because of the stronger T/T hy-
bridization in TA (details in Supporting Information 2).
The original T/T bilayer valence band is slightly more
than half filled, that is, the lower Hubbard band is fully
occupied while the upper one is marginally occupied as
shown in Fig. 3(b). Despite the two T layers exhibiting
similar density of states, the spin density in Fig. 3(a) in-
dicates that the middle T layer has a lower spin density
than the top T layer due to the proximity of the H layer.
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The TA trilayer results therefore into an electron-doped
Mott insulator, similar to the case of T/H bilayer which
is a hole-doped Mott insulator [31]. The TB stacking case
shows a band structure and spin density intermediate to
the TA and TC cases, as expected from the intermediate
T/T coupling. Different from a TC stacking, TA and TB

bilayer stackings induce opposite spin densities on the H
layer compared to the spin density in T layers. Overall,
TA, TB and TC trilayers may be candidates for a contin-
uous transition from a doped Mott insulator to a Kondo
insulator behavior.

The relative energetic stability between different T/T
stacking indeed changes when forming the T/T/H tri-
layer. Compared to the bilayer case where the TA stack-
ing is the most stable, the TC stacking is the energetically
most favorable in the trilayer while TA and TB stackings
are, respectively, 28 meV and 33 meV per SoD pair higher
in energy. The close formation energies indicate that the
three stacking orders may coexist in experiments, for ex-
ample, in thermal annealing samples [38].

Beyond the trilayer T/T/H-TaS2 heterostructure, bulky
heterostructures composed of 1H layers and multilayer
1T layers thicker than a T/T bilayer are at least achiev-
able through thermal processing [38–41] and laser expo-
sure [42, 43], and are expected to host localized spin mo-
ments, unlike 4Hb-TaS2 which has a well-defined alter-
native stacking order of 1H and 1T monolayers. Further-
more, if a fourth 1T layer is placed on the top of a T/T/H
trilayer in a TC stacking, it might lead to a band insula-
tor when the fourth and third T layers form a new band
insulator bilayer. We can expect a rich phase diagram re-
garding different number of layers and varied interlayer
stacking.

Conclusions – In conclusion, we demonstrated that TaS2
trilayers combining a T/T bilayer and 1H monolayer ex-
hibit flat bands with localized spins and itinerant states.
The amount of charge transfer between the T/T bilayer
and the 1H monolayer and resulting band structures de-
pend on the T/T stacking order. Coexisting with itiner-
ant electrons from the H layer, the TC-type stacking re-
sults in a half-filled Mott band while the TA,B-type stack-
ing induces a partially doped Mott state. In contrast to
the T/H bilayer, the 1H layer in the trilayer exhibits weak
spin polarization following the charge transfer. These tri-
layer heterostructures facilitate a rich platform to study
strong electron correlation and exotic superconductivity
in vdW heterostructures.
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[18] I. Benedičič, N. Janša, M. van Midden, P. Jeglič,
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