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Designing flat bands, localized and
itinerant states in TaS2 trilayer
heterostructures
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Stacking and twisting van der Waals materials provides a powerful tool to engineer quantum matter.
For instance, 1T-TaS2 monolayers are Mott insulators, whereas layered 1H-TaS2 is metallic and
superconducting; thus, the T/H bilayer, where heavy fermions and unconventional superconducting
phases are expected from localized spins (1T) coexisting with itinerant electrons (1H), has been
intensively studied. However, recent studies revealed significant charge transfer that questions this
scenario. Here, we propose a T/T/H trilayer heterostructure where the T/T bilayer is a flat-dispersion
band insulator with localized electrons, whereas the 1H layer remains metallic with a weak spin
polarization. Varying the T/T stacking configuration tunes the flat-band filling, enabling a crossover
from a doped-Mott regime to a Kondo-like state. Such a trilayer heterostructure provides, therefore, a
rich novel platform to study strong correlation phenomena and unconventional superconductivity.

Van der Waals (vdW) materials have recently revolutionized the study of
quantum matter, providing unprecedented control over electronic corre-
lations and emergent phases1–3. A prime example is twisted bilayer gra-
phene, where flat bands amplify Coulomb interactions, yielding
unconventional superconductivity and correlated insulators3–6. Inspired by
such discoveries, transition metal dichalcogenides (TMDCs) have emerged
as versatile platforms for engineering quantum phases7,8. 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
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a charge density wave (CDW) structure forming Star of David
(SoD) clusters7,9–11. It forms a spin-1/2 triangular superlattice that is being
intensively discussed as a quantum spin liquid candidate12–20. In contrast,
1H-TaX2 is an Ising superconductor with a competing 3 × 3 CDW
phase21–24.

Heterostructures made of the combination of these contrasting states,
as it is the case of 4Hb-TaS2, which consists of alternating 1T and 1H layers,
have been exploited as promising platforms for exploring emergent phe-
nomena resulting from the coexistence of Mott insulating and super-
conducting phases, including unconventional superconductivity25–28 and
Kondo-like behavior19,20,29,30. However, in such heterostructures, a con-
siderable 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 distance between layers31. This

complicates the preservation of a Mott insulating half-filled spin-1/2 tri-
angular lattice at the 1T layer, hybridizing with the itinerant electrons of the
1H layer, and leads instead to a heavily doped-Mott system31,32. These
challenges have led to controversial interpretations of sample-dependent
electronic properties in these platforms, as some samples seem to display
Kondo-like behavior due to localized spins hybridizing with itinerant
electrons29,30, while other samples donot observe localized spins as a result of
the strong charge transfer that vacates the localized state of 1T SoD26,33,34.

In this work, we propose an alternative heterostructure, a trilayer T/
T/H-TaS2, which promises to display a rich variety of correlated phases
and yet is free from the difficulties in the 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 bands35–37, nearly one
electron transfer to the 1H monolayer leaves behind one 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 (similar to the T/H bilayer case31) to a Kondo insulator. Apart
from the presence of localized spins in the T/T bilayer, the 1Hmonolayer
exhibits spin-polarized itinerant electrons and may lead to unconven-
tional superconductivity. In addition, we note that some recent experi-
ments demonstrate the feasibility of such trilayer heterostructures by
thermal annealing38–41, and laser-induced polytype transformation42,43 in
bulk 1T-TaS2.
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Results
T/T bilayers and stacking order
1T-TaS2 undergoes a CDW transition to a commensurate

ffiffiffiffiffi

13
p

×
ffiffiffiffiffi

13
p

superlattice around 200 K9 where twelve Ta atoms surrounding a central
Ta are displaced towards the center. This results in a SoD structure that
opens a gap of ~0.5 eV, which arises as the 12 Ta 5d1 electrons form a

molecular orbital36,37. The remaining spins localized at the center of the
SoD form a triangular lattice in the 1T-TaS2 superlattice and become
Mott-localized12,44. Our calculations demonstrate a band gap of about
0.3 eVwithin the CDWgap, as shown in Fig. 1b.We note that we find the
SoD structure to be stable in monolayer, T/T bilayers and T/T/H
trilayers.

When two1T layers are stacked, thenumber of electrons in theunit cell
becomes even. Since the two layers are assembled with the two SoD struc-
tures 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. 1a, c35,36 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 2). 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, correlation effects are expected to be significant,
turning it into a (doped) Mott band.

Next,we show that theT/Tbilayerband structure is extremely sensitive
to the interlayer stacking order. In a 1T monolayer, thirteen Ta atoms in a
SoD are classified into three groups35,45: one central atom, inner hexagon
atoms (six atoms), and outer corner atoms (six 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 stacking with no shift
TA, shift to the inner hexagon TB and shift to the outer corner TC, as
illustrated in Fig. 2a–c. The lateral displacement reduces the inter-SoD
coupling37 but enhances the in-plane hopping35,46,47. Consequently, fromTA
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. 2f). TheTA stacking is themost stable in comparison to
theTB andTC stackings, with relative formation energies of 83 and 159meV
per SoDpair, respectively. A previousDFT study on bulk 1T-TaS2

45 showed
that charge doping or lattice strain can change the relative energy between
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Fig. 1 | Electronic structure of monolayer 1T-TaS2 and bilayer T/T-TaS2.
a Schematic illustration showing the transition from aMott insulator (monolayer) to
a band insulator (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 Corresponding band structures and density of states for
b monolayer 1T-TaS2 and c bilayer T/T-TaS2, demonstrating the evolution from a
correlation-driven gap to a hybridization gap. Majority and minority spins are
denoted by solid and dashed lines, respectively. The Fermi level is set to 0 eV.
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Fig. 2 | The variation of the hybridization gap in bilayer T/T-TaS2 due to
interlayer stacking. a–cThe 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–fCorresponding

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 hopping and the band gap reduces.
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TAandTC stackings. This indicates that the stacking energetics in theT/T/H
trilayer may deviate from the T/T bilayer case.

T/T/H trilayers
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
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superlattice to incorporate the SoD structure.
The 3 × 3CDW in the 1H layer, which exhibits onlymarginal differences in
charge transfer compared to 1 × 1 1H31, is neglected in these calculations.
The interlayer separations in the optimal structures between the bottom 1H
layer and the middle 1T layer is 5.82Å on average, close to that of the T/H
bilayer, of 5.81Å31. And the optimal distances between the 1T layers in the
T/T/H trilayer and in the T/T bilayer are nearly the same 5.85Å on average
for the three kinds of stacking orders (more details are provided in Sup-
plementary Note 1).

The relative energetic stability between different T/T stacking indeed
changes when forming the T/T/H trilayer. Compared to the bilayer case,
where the TA stacking is themost stable, the TC stacking is the energetically
most favorable in the trilayer,whileTA andTB stackings are higher in energy
by 28 and 33meV per SoD pair, respectively. The close formation energies
indicate that the three stacking orders may coexist in experiments, for
example, in thermal annealing samples38.

Stacking-tuned charge transfer and electronic states
The resulting charge redistribution in the T/T/H trilayer can be rationalized
by the competition between the interlayer interactions of themiddle T layer
with the top T layer and the bottomH layer. The electronic structures of the
three trilayer heterostructures considered are shown in Fig. 3. The TC case
(Fig. 3e, f) can be straightforwardly 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 unpaired electron per SoD. Con-
sequently, the top T layer recovers a flat-band Mott state, and the H layer
exhibits weak spin polarization near the Fermi surface (Fig. 3f). 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 coupling
for the coexistence of localized spins inMott bands and itinerant electrons in
metallic bands, suggesting a possibility of heavy-fermion behavior.

The TA stacking case (Fig. 3a, b) exhibits slightly smaller electron
transfer of 0.8 electron to the H layer than the TC stacking because of the
stronger T/T hybridization in TA (details of charge transfer estimation are
provided in Supporting Information 4). The original T/T bilayer valence
band is slightlymore than half filled, that is, the lowerHubbard band is fully
occupied while the upper one is marginally occupied as shown in Fig. 3b.
Despite the two T layers exhibiting similar density of states, the spin density
in Fig. 3a indicates that themiddle T layer has a lower spin density than the
top T layer due to the proximity of the H layer. The TA trilayer results
therefore into an electron-doped-Mott insulator, similar to the case of T/H
bilayerwhich is a hole-doped-Mott insulator31. TheTB stacking case shows a
band structure and spin density intermediate to the TA and TC cases, as
expected from the intermediate T/T coupling.

Generally, it is believed that the hybridization strength and charge
transfer correlate with interlayer distance and work function difference31,48.
However, the trilayers demonstrate different charge transfers despite nearly
identical interlayer distances and work functions in TA, TB, and TC (see
Supplementary Note 3). We can rationalize this from the chemical hardness
perspective. The chemical hardness stipulates that the resistance to electron
transfer in a system is proportional to the band gap49. Because of decreasing
energy gaps, TA, TB, and TC stackings exhibit increasing charge transfer (also
confirmed by the real-space charge density analyses in Supplementary Note
4) from the T/T bilayer to the 1H layer upon the formation of the T/T/H
heterostructures.

Additionally, to test the robustness of the charge transfer regarding the
layer stacking, we first introduced a lateral shift at the T/H interface, which
corresponds to the case in 6R-phase TaS2, and found that the charge

redistribution remains largely unaffected (Supplementary Note 7). We also
investigated the influence of a graphene substrate (graphene/T/T/H-TaS2
four-layer heterostructure) and observed a considerable amount of electron
doping from graphene to the trilayer. In the graphene/(TC)T/T/H-TaS2
system, the charge depletion drops from 1.00 e to 0.72 e in T/T bilayer,
effectively refilling the upper Hubbard band and demonstrating the com-
pensating role of graphene50 (Supplementary Note 8). Importantly, the
stacking-insensitive charge transfer is qualitatively preserved across the
substrate choices, although its magnitude varies.

Beyond the charge redistribution, we find that stacking-controlled
charge transfer polarizes the 1H layer. Notably, the interplay between the
spin-polarized 1H layer and localized spins in the 1T layers gives rise to
distinct magnetic coupling patterns. Different from the TC stacking with
parallel coupling between the top 1T and bottom 1H layers, TA and TB-
stackedT/Tbilayer induces opposite spin densities on theH layer compared
to the spin polarization in the T layers, indicating antiferromagnetic inter-
layer coupling (see Fig. 3a, c, e). A more detailed analysis of the stacking-
dependent magnetic coupling is provided in Supplementary Note 9.

Discussion
Overall, TA, TB, and TC trilayers may provide a platform for exploring a
continuous transition from a doped-Mott insulator candidate to a Kondo
insulator candidate. Additionally, our discussion on correlated states is
based on dynamical mean-field theory calculations that we have performed
in apreviouswork31 by considering representative possible cases offillings of
the 1T layer andhybridization to showcase the various scenarios: theKondo
behaviorwhenthe1T layerhasone electronper Star ofDavid (our caseofTC

stacking) and a heavily doped-Mott behavior (our case of TA stacking).
Having established the magnetic ground states of the pristine trilayer,

we finally consider how adding further layers or dopants can tune these
correlations. Bulk heterostructures composed of 1H layers and multilayer
1T layers thicker than a T/T bilayer are at least achievable through thermal
processing38–41 and laser exposure42,43, and are expected tohost localized spin
moments, unlike 4Hb-TaS2, which has a well-defined alternative stacking
order of 1H and 1Tmonolayers. Furthermore, if a fourth 1T layer is placed
on the top of a T/T/H trilayer in a TC stacking, it might reopen the hybri-
dization gap as the fourth and third T layers form a new band insulator
bilayer.We expect a rich phase diagram for different numbers of layers and
varied interlayer stacking.

One may find some similarity with the previously discussed doping in
T/H-TaS2 bilayerwith alkali adatoms (alkali/T/H-TaS2), rather than adding
a1T layer on top, “T”/T/H-TaS2, as demonstrated in recent studies that used
alkali and alkali-earth dopants to engineer honeycomb or kagome super-
lattices with fractional filling51,52. While such dopants can modulate the
filling factor and potentially bring the heterostructure close to half-filling via
charge transfer, achieving uniform and periodic arrangements at high
dopant coverage is challenging51. Local variations can disrupt lattice uni-
formity and give rise to disorder-induced localization, leading to a crossover
from Mott to Anderson insulating behavior53. These limitations highlight
the importance of a structurally clean approach to modulate Mottness in
well-ordered platforms, such as the stacking-engineered T/T/H trilayers
presented in this work, for exploring tunable correlated electronic phases in
TaS2 heterostructures.

These trilayers provide a promising material platform to explore
unconventional superconductivity with important ingredients: spin-
polarized states in the normal state of a superconductor (1H layer)54,
spin–orbit coupling, and tunable strongly-correlated states (T/T bilayer).
For example, in the presence of superconductivity, the induced spin
polarization in the 1H layermay favor p-wave Cooper pairing55–58. Thus, we
call for further experimental and theoretical studies on possible exotic
superconductivity in this platform.

In conclusion, we demonstrated that TaS2 trilayers combining a T/T
bilayer and 1Hmonolayer exhibit flat bandswith localized spins and itinerant
states. The amount of charge transfer between the T/T bilayer and the 1H
monolayer and the resulting band structures depend on the T/T stacking
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order. Coexisting with itinerant electrons from the H layer, the TC-type
stacking results in a half-filledMott bandwhile the TA- andTB-type stackings
induceapartiallydoped-Mott state. Incontrast to theT/Hbilayer, the1Hlayer
in the trilayer exhibits weak spin polarization following the charge transfer.
These trilayer heterostructures facilitate a rich platform to study strong elec-
tron correlation and exotic superconductivity in vdW heterostructures.

Methods
DFT calculations
Spin-polarized density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP) implementing the
projector augmentedwavemethod59.Weused thePerdew–Burke–Ernzerhof
(PBE) exchange-correlation energy functional60, and incorporated van der
Waals interactions using the DFT-D3 method with the Becke–Johnson
damping function61.Theelectronic correlations amongTa5d electrons in1T-
TaS2 and 1H-TaS2 layers aremodeledwithin theDFT+U implementation of

ref. 62 and using U1T
Ta;5d ¼1.76 eV and U1H

Ta;5d ¼2.82 eV, respectively48. The
plane wave cutoff was set to 400 eV. The first Brillouin zone is sampled by an
8 × 8 Γ-centered k-pointmesh, andGaussian smearing of 15meV is adopted
for the Brillouin zone integrals. Electronic energy convergence was set to
10−7 eV, and ionic relaxation was performed until the Hellmann-Feynman
forces acting on each ionbecame less than1meV/Å. Adetailed descriptionof
the ionic relaxation protocols, structural characteristics of the optimized
multilayer heterostructures is provided in Supplementary Note 1. Spin–orbit
couplingwas not included, as its effect on charge redistribution andflat-band
occupation in the trilayer system was found to be negligible (see Supple-
mentary Note 5 for detailed comparison).

Data availability
The atomic coordinate files to replicate DFT runs are available in the
Zenodo repository with the identifier https://doi.org/10.5281/zenodo.
1549890863.

Fig. 3 | Spin density and band structures of trilayer
T/T/H-TaS2 with different T/T stacking orders.
aTop 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 the
1H layer is shown in gray lines. The central Ta atom
is highlighted 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 the 1H layer are represented by dark and
dim gray lines. c, d Corresponding plots for the TB,
and e, f for the TC stacking.
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