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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors provide an interesting first-principles study of 1H/1T TaCh2 heterostructures. Based on
their density functional theory calculations, the authors show that there is a sizable charge transfer
from 1T to 1H, suggesting that the system behaves in the doped Mott regime. Using a low-energy
model fitted to the DFT band structure, the authors perform DMFT calculations showing that a peak
close to zero energy appears as observed in experiments.

| find their results are of potential interest for experiments in 1T/1H multilayers and can motivate
further theory work in related systems. Their manuscript is certainly of interest to the first principles
community of 2D materials and strongly correlated physics. The manuscript is well written, the
figures are of good quality, and the numerical results are correct within the approximations made in
the manuscript. Before recommending the manuscript for acceptance in Nature Communications, |
think that there are several points that the authors should address.

- In 4Hb heterostructures, there is experimental evidence that local replacement of S by Se drives the
local charge density wave from the empty state (noted by the authors in the introduction) towards
half filling. Would the results of the authors be consistent with this difference in charge transfer
between Se and S?

- Both the 1T and 1H layers show a charge density wave. If | understand correctly, in the calculations,
only the 1T charge density wave is included. This is, of course, understandable due to
commensurability issues. Nonetheless, | would like to ask the authors if they quantified in some way
the error induced by this assumption to have an estimate of how much this could affect charge
transfer.

- The authors perform DFT calculations, focusing on the charge transfer between 1T and 1H. Charge
transfer can be strongly dependent on DFT+U correction in the d-orbitals of Ta, specifically in the 1T
layer. Have the authors considered the impact of a DFT+U correction in their results?

- Following up on the previous point, first principles methods often severely misestimate interactions
gaps, both due to inaccurate treatment of local and long-range interactions. Not treating long-range
interactions accurately is, of course, also understandable, but | think that it could be beneficial briefly
commenting on it. Could the authors comment on how a more accurate treatment of long-range
interactions could modify their results?

- The authors perform DMFT calculations including a local U in a low-energy model fitted to the 1T
bands. The Wannier orbitals of 1T are known to have a relatively delocalized nature, namely having
finite weight in several Ta atoms. This implies that the first neighbor repulsion of the low-energy



model could be sizable in comparison with U. Could the authors comment and quantify what would
be the impact of first neighbor repulsion in their low-energy model?

- The authors performed calculations of free-standing 1H/1T. In the experiment of Refs. 10,11,12 a
substrate is present, meaning that it is assumed that the substrate does not modify the charge
transfer. However, in my understanding, substrate effects can substantially change band alignment,
thus modifying charge transfer. Could the authors show some theoretical evidence that a substrate
would not change charge transfer in this case?

- In Ref. 10 a gap is observed when tunneling onto the 1H layer. Is this gap also rationalized in terms
of the calculations of the authors, or would the picture of doped Mott only account for the zero
energy peak when the 1T layer is probed?

To summarize, | think that their results are of interest to the first principles 2D materials community
and can be of relevance for experiments in the field. Their manuscript provides a potentially useful
reference for future first principles theoretical treatments, and therefore | believe that it will be a
valuable addition to the literature. Given all the points above, if the authors address the points
mentioned above, | would recommend their manuscript for acceptance in Nature Communications.

Reviewer #2 (Remarks to the Author):

The authors investigate the properties of heterogeneous Ta-dichalcogenide bilayer addressing the
character of the metallic state obtained interfacing 1T-TaCh2 insulating and 1H-TaCh2 metallic layer.
Recent experiments claimed that Kondo screening leads to the screening of the local moments of the
strongly correlated insulating layer due to the delocalized electrons giving rise to an heavy Fermi
liquid. This observation is contrasted by recent studies of in 3D heterostructure consisting of
alternating layers of 1T-TaS2 and 1H-Tas2 that shows strong charge transfer from the insulating layer
to the metallic one. This effect induces a considerable number of holes in the 1T-TaS2 layer reducing
the role of correlation.

The paper provides a detailed analysis based on combined DFT+DMFT simulations to settle these
contrasting results. The paper confirms the importance of the interlayer charge transfer, finding that
the role of the metallic layer is the one of screening the local moments but rather to provide an
electronic reservoir leading to a strongly doped Mott insulator.

The paper is well written, the periodic Anderson model proposed to model the bilayer is interesting
and the results sound physically correct.



However, | do have several comments that | wish the authors to consider. Please see the detailed
comments below.

(1) The strong valence fluctuations leading to a Mott insulator with less than 1/2 electron per site
suggests that the interlayer Coulomb interaction between delocalized carriers in the 1H and localized
one in the 1T layer plays a crucial role. Did you consider what is the role of interlayer Coulomb
interaction? Do you have any estimate of the value of the interlayer interaction?

(2) Related to point (1). The nearest-neighbor Coulomb interaction leads to the formation of
interlayer exciton complexes [electron in 1H bound to hole in the 1T layer] that as the interlayer
distance is reduced might lead to the charge transfer instability.

Can you comment on the role of these interlayer excitations?

(3) Concerning Fig.3 DMFT simulations are performed at CT=0 [filling 1 of the flat band in 1T layer]
and CT=1/2. Generically, the number of electrons in the 1T layer is not conserved due to the
interlayer hybridization. How did you fix the relative filling of the two layers?

(4) Concerning your discussion on artificial Kondo physics realized by stacking different layer of TMDs
there have been recent theoretical proposals and experimental realizations of heavy Fermi liquid like
behavior in TMD moire' semiconductors, see Ref. below:

Th.

[1] https://journals.aps.org/prb/abstract/10.1103/PhysRevB.106.L041116

[2] https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.043173
[3] https://www.science.org/doi/abs/10.1126/sciadv.ade7701

Exp.

[4] https://www.nature.com/articles/s41586-023-05800-7

To broader the discussion and make connection with recent advances in the field | suggest the
authors to cite the aforementioned references.



Reviewer #3 (Remarks to the Author):

The present work provides insights into the physics of 1T/1H TaCh2 heterostructures, exploring the
possibility of classifying them as either heavy fermions or doped Mott insulators. The authors
highlight two crucial competing parameters, namely the charge transfer and interlayer hybridization
strength, and demonstrate through DFT calculations that these parameters vary with changes in
interlayer distance. Furthermore, they propose that this system should be regarded as a highly doped
Mott insulator rather than a heavy fermion, offering a clearer understanding of the experimental
observations on 1T/1H TaCh2 heterostructures. However, further investigations are required to
determine the optimal parameters that accurately describe the Kondo behavior of this system. While
this work contributes to enhancing our understanding of correlation effects induced by vdW
heterostructures, it is suggested that publication in a more specialized journal would be appropriate.
Several comments are provided to elucidate the authors' work:

It would be beneficial to elucidate the underlying cause of the change in charge transfer with varying
interlayer distance. As my understanding, charge transfer tends to approach from ~0.3 at infinite
distance to 1.0 as the distance decreases, at the same time interlayer interaction strengthens. This
suggests the possibility of a bonding/antibonding relationship between the two layers. Is it feasible
to identify the primary characteristic of the interlayer interaction?

The physical range of charge transfer and interlayer hybridization is obtained solely through DFT
calculations. However, these values can be easily influenced by different calculation options. For
instance, it would be valuable to know if the authors considered full structural relaxation even at
short interlayer distances, as the formation of SoD may be weakened or disrupted in highly doped
cases during DFT calculations. Additionally, long-range correlation effects are known to impact band
positions and charge transfer.

Based on Figure 3, it seems that the susceptibilities for (CT=1/2, V1=30) and (CT=0, V1=100) exhibit
similar trends upon rough comparison. Moreover, the spectral functions in Figure 4 demonstrate
similar behavior, albeit with some asymmetry. If we consider different values of CT and V1 that
exhibit similar low-energy behavior, is it possible to determine the specific values of CT and V1
through experimental observations? It is crucial to clarify whether this system can be classified as a
heavy fermion, highly doped Mott insulator, or something in between.



LIST OF CHANGES

1. Added supplemental information containing additional information on charge
density wave in the 1H layer, effects of a substrate on the system, effect of in-
terlayer distance on charge transfer, how atomic relaxation has been accounted
for in DFT simulations and analysis of Fermi surface and momentum-resolved

spectral functions for the heavy-Fermions and doped-Mott scenarios.
2. Modified Fig.2 in the main text to increase resolution
3. Added references suggested by reviewer 2 at line 79

4. Added a brief discussion on the effects of a substrate, with reference to sup-

plemental information, at lines 120-126

5. Expanded the discussion on the relation between interlayer distance and charge

transfer with reference to supplemental information, lines 200-221

6. Added a sentence mentioning the treatment of 1H CDW with reference to

supplemental information, lines 415-419

7. Added a sentence discussing the necessity or lack thereof of DFT+U correc-
tions, lines 426-432

8. Added a sentence affirming the difference in spectral function and Fermi surface

shape with reference to the supplemental information, lines 328-338



REPLY TO REVIEWER 1

The authors provide an interesting first-principles study of 1H/1T TaCh2 het-
erostructures. Based on their density functional theory calculations, the authors show
that there is a sizable charge transfer from 1T to 1H, suggesting that the system be-
haves in the doped Mott regime. Using a low-energy model fitted to the DFT band
structure, the authors perform DMFT calculations showing that a peak close to zero
energy appears as observed in experiments.

I find their results are of potential interest for experiments in 1T/1H multilay-
ers and can motivate further theory work in related systems. Their manuscript is
certainly of interest to the first principles community of 2D materials and strongly
correlated physics. The manuscript is well written, the figures are of good quality, and

the numerical results are correct within the approrimations made in the manuscript.

We thank the reviewer for their positive assessment.

Before recommending the manuscript for acceptance in Nature Communications, 1

think that there are several points that the authors should address.

1. In 4Hb heterostructures, there is experimental evidence that local replacement
of S by Se drives the local charge density wave from the empty state (noted by
the authors in the introduction) towards half filling. Would the results of the

authors be consistent with this difference in charge transfer between Se and S?

We thank the reviewer for the question. Since S and Se are electronically ex-
tremely similar, we don’t expect that the electronic state in question should be

affected by small local displacements due to a different ionic radius of Se. Indeed,



~
o
|

o
[

|
DOS

Interlayer Distance (A)
5
|

&
o
|

E-E¢ (eV)

Figure 1: Interlayer distance-dependent flat band filling in bilayer
1T /1H-TaS, with Se substitutional defect. Density of states (DOS) of the
1T-TaS, layer contribution when a 2%, impurity concentration of Se is considered
in the simulations of bilayer 1T /1H-TaS,. The DOS is shown in arbitrary units for
various interlayer distances d;,;. the spectra are vertically offset for clarity.
Majority and minority spins are drawn in solid and dashed lines, respectively. At
dint 2 6.1, a splitting of flat bands is expected as the hybridization decreases, as it

is happening in 1T/1H-TaS, without Se substitution.

to check this, we performed calculations for the bilayer 1T/1H-TaSs containing a
small amount of Se defects, and found rather minor changes. For the simulation, the
impurity concentration was tuned to 2%, which corresponds to TagSs;Se;. Fig. 1
shows the interlayer distance dependent flat band filling for this bilayer. At the

equilibrium distance djn; ~ 5.8 A, we found degenerate states without spin splitting,
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which indicate no fractional filling on the localized state. The splitting of flat bands

increases at d;,; = 6.1 very similarly to the results for pure bilayer 1T/1H TaS,

without Se impurities. These results indicate that a small Se substitution does not
affect the charge transfer and hybridization in the 1T/1H-TaS, system. Instead, it
implies that the experimentally observed partially filled state must have a different

origin, such as, for instance, the presence of larger interlayer separation in the sample.

2. Both the 1T and 1H layers show a charge density wave. If I understand cor-
rectly, in the calculations, only the 1T charge density wave is included. This
1s, of course, understandable due to commensurability issues. Nonetheless, [
would like to ask the authors if they quantified in some way the error induced
by this assumption to have an estimate of how much this could affect charge

transfer.

In our calculations, we considered a V13 x /13 supercell because the formation
of SoD on the 1T layer was essential to observe flat band behavior. To quantify
the effect of the 1H layer 3 x 3 CDW on the bilayer 1T/1H-TaS; system, we have
investigated work functions of monolayer 1T- and 1H-TaS, with and without CDW
modulation, and calculated the charge transfer in the bilayer system. We selected
typical 3 x 3 CDW phases on 1H [1-3] as illustrated in Fig. 2. As shown in Table I,
a 3 X 3 CDW produces no notable variations in the work function. In contrast,
the formation of SoD on 1T results in 53 meV (the difference between V13 x /13
and 1 x 1 1T structures). We also performed a Bader charge analysis to investigate
the effect of CDW on the charge transfer between the two layers and find it to be
comparable despite the formation of distinct CDW phases. This result indicates
that the 3 x 3 CDW on the 1H layer can be neglected in the investigation of the

electronic properties of the bilayer system and only the CDW in the 1T layer plays
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Figure 22 CDW phases on 3 x 3 monolayer 1H-TaS,. Top view of atomic
structures of monolayer 1H-TaS,. Ta and S atoms are depicted as blue and yellow
spheres, respectively. (a) triangular lattice in a 1 x 1 unit cell without CDW
modulation. (b-d) selected CDW phases (#1 to #3 in Table I, respectively) on
3 x 3 monolayer 1H-TaS,. Atomic displacements and unit cells are illustrated as
black arrows and black dashed lines, respectively. Configuration (d) has the lowest

formation energy of the selected configurations.

an essential role. In the supplementary information of the revised manuscript we

summarize these results, and we reference them in the main text.

3. The authors perform DF'T calculations, focusing on the charge transfer between
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unit cell work function [eV] AFE/fu. (meV)
1x1 5.905 3.28
monolayer 3 x 3 CDW #1 5.902 1.43
1H-TaS, 3 x 3 CDW #2 5.907 0.66
3 x 3 CDW #3 5.896 0
monolayer 1x1 5.070 22.51
1T-TaS, V13 x v/13 CDW 5.123 0
unit cell charge transfer [e/(TaS2)26]|AE/f.u. (meV)
1x1 0.44 12.3
bilayer
3 x 3 (CDW on 1H) 0.43 114
1T/1H-TaSs
V13 x /13 (CDW on 1T) 0.41 0

Table I: Effect of CDW modulation on the charge transfer in bilayer
1T /1H-TaS, Calculated work functions of monolayer 1H-TaS; and 1T-TaSy with
and without CDW modulation. As shown in Fig. 2, typical CDW phases on 3 x 3

monolayer 1H-TaS, were chosen [1-3]. Formation energy differences per formula
unit between identical polytypes are listed on the table. AE = 0 indicates the most
stable configuration. The work function difference between the metallic 1 x 1 1T
and the Mott-insulating V13 x /13 1T structures is 53 meV, whereas the CDW on
metallic H-TaS, does not produce significant differences. Also shown is the
calculated charge transfer that occurs when 1T and 1H layers combine to form a
bilayer structure ((TaSsz)2s) with CDW modulation in each layer. In spite of
differences in periodicity and structural deformation, the charge transfer between

the two polytypes is comparable.



Figure 3: Schematic view of the hierarchy of energies in the 1T layer.

1T and 1H. Charge transfer can be strongly dependent on DFT+U correction
in the d-orbitals of Ta, specifically in the 17T layer. Have the authors considered

the impact of a DFT+U correction in their results?

To answer this question, it is important to understand the hierarchy of energies in
the 1T layer, as sketched in Fig.3. There are three energy scales: tg,p < U, Ej,
where tg,p is the hopping between two neighboring Stars of David, and E, is the
energy separation between the valence and the conduction band excluding the strongly
correlated band near the Fermi level. Because of this hierarchy, the charge transfer
(CT) depends on U rather weakly (as long at it remains < £,). Since one of our
main points is that CT is very sensitive to the interlayer distance and the quality of
the interface, and varies considerably from sample to sample, a small correction due
to U is less important. In the revised version, we include a new sentence clarifying

this aspect.

4. Following up on the previous point, first principles methods often severely mais-

estimate interactions gaps, both due to inaccurate treatment of local and long-
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range interactions. Not treating long-range interactions accurately is, of course,
also understandable, but I think that it could be beneficial briefly commenting on
it. Could the authors comment on how a more accurate treatment of long-range

interactions could modify their results?

The reviewer is right that DFT (PBE or LDA) underestimates the value of the
band gaps, in our case E,; between the uncorrelated bands. However, corrections to
E, are here not essential since we are interested in the interaction between the 1H
layer (good metal, no corrections) and the Mott 1T band (where the role of the U
correction has been discussed above). To see these statements more quantitatively,
in Fig. 4 we investigated the DOS of the 1T layer at various levels of exchange cor-
relation functionals. Within PBE+U, r*SCAN+rVV10 [4], and local-mBJ [5]. Only
the value U,y = 2.27, calculated using the linear response method for Ta-5d orbitals
[6], was used in the PBE+U calculation. r2SCAN+rVV10 and local-mBJ functionals
were selected due to their strength in the implementation of vdW interaction and
non-local exchange. Although there are slight variations in the magnitude of the
peak splitting, the interlayer spacing where the splitting begins, and the shape of
flat band peaks, we observe that the overall trends are not significantly changed in

comparison to pure PBE results.

5. The authors perform DMFT calculations including a local U in a low-energy
model fitted to the 1T bands. The Wannier orbitals of 1T are known to have a
relatively delocalized nature, namely having finite weight in several Ta atoms.
This implies that the first neighbor repulsion of the low-energy model could be
sizable in comparison with U. Could the authors comment and quantify what

would be the impact of first neighbor repulsion in their low-energy model?

We thank the reviewer for this important question. While we cannot calculate

the intercluster Coulomb repulstion from first principles, we can do a back-of-the
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Figure 4: Interlayer spacing-dependent evolution of the Projected Density

of States of the 1T-TaS, layer at the GGA and meta-GGA level of

theories. DOS of the 1T-TaSy layer in the bilayer 1T /1H-TaS, structure for a range of

dins computed by using (a) pure PBE (from the manuscript), (b) PBE4U (Ugsf=2.27

eV), (c) r?SCAN+rVV10, and (d) local-mBJ functionals. Contributions corresponding to

majority and minority spins are illustrated as solid and dashed lines, respectively.

Corrections for self-interaction error and a drawback resulting from the adoption of

averaged exchange-correlation energy manifest in some distinct splitting strengths.

However, the interplay between the 1H layer as a spin reservoir and the 1T layer as a

localized spin caréier does not change.



envelope calculation to estimate the effect of screening induced by the 1-H layer.
First of all, the distance between the cluster centers is about d ~ 1.22 A, which gives
an unscreened V' on the order of 1 eV. The fact that there is some spectral weight on
the non-central Ta atoms modifies this number very little (multipole interactions of
the 6th order are small). One may think about metallic screening by the metallic 1H
layer, but, as discussed, it would be incorrect. Indeed, since the charges in question
are outside the 1H layer, one has to use image charges, and, as a result, contrary to
what is implicitly implied in the Kondo model, the screening is not exponential but
of a dipole-dipole type. Furthermore, the length of the dipole is of the same order
as d, so the reduction of V' due to the 1H screening is rather small.

However, one needs to take into account the intralayer 1T screening. We have
calculated it in DFT+U for an undoped 1T layer. In this case the screening is
semiconducting and €y ~ 12. This reduces V to less that 100 meV. However, in
our case there is additional screening from mobile electrons in the lower Hubbard
band, with is harder to estimate, but which is liable to add additional substantial
reduction of V. Last but not least, if one does include V' on a mean field level, the
result is a trivial shift of the chemical potential, and the residual effect, which could,
in principle, modify our calculations, only comes from residual deviations from the
mean field behavior, and are expected to be rather small.

For these reasons, we believe that our neglecting of the intersite Coulomb ef-
fect is justified, especially given that our main conclusions are of qualitative nature

(quantitative details anyway depend on the quality of the interface).

6. The authors performed calculations of free-standing 1H/1T. In the experiment
of Refs. 10,11,12 a substrate is present, meaning that it is assumed that the
substrate does not modify the charge transfer. However, in my understanding,

substrate effects can substantially change band alignment, thus modifying charge
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Figure 5: The effect of graphene substrate on the flat bands in
1T /1H-TaS,. (a) Schematic illustration of stacked layers of bilayer 1T /1H-TaS,
on multilayer graphene used in the experiment [7] (b) DOS profiles of the 1T-TaS,
layer in 1T/1H/Gra and 1H/1T/Gra systems with a different number of graphene
layers. Zero (0) graphene layers indicate the free-standing bilayer 1T /1H-TaS,.
Optimized interlayer distances between 1T and 1H layers in the two systems are
5.78 A and 5.81 A, respectively, which have not changed considerably from the
free-standing 1T /1H bilayer with 5.81 A of separation. When the bilayer TaS, is
placed on a graphene substrate that provides electrons to the bilayer, the
degenerate empty flat bands shift slightly toward the Fermi level, but the electron
doping provided by the multilayer graphene substrate is not sufficient to

compensate the strong change transfer from the 1T to the 1H layer.
transfer. Could the authors show some theoretical evidence that a substrate
would not change charge transfer in this case?

We thank the reviewer for this question. As the reviewer mentions, in practice,
supporting platforms such as multilayer graphene [7, 8] or bulk 2H-TaS, crystal [9]

are experimentally used. First, it is evident that bulk 2H-TaS,; beneath monolayer
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1T-TaS, has the same work function as monolayer 1H-TaSs as a potential electron
reservoir. We investigated therefore the effect of a graphene substrate on the flat
bands in 1T/1H-TaS;. As a 5 x 5 supercell of graphene commensurates with a
V13 x /13 bilayer 1T/1H-TaSs with 2% of lattice constant mismatch, we used
the lattice constant of free-standing bilayer 1T /1H-TaSs when constructing the 1T-
1H-multilayer graphene (or 1H-1T-graphene) stacked layer systems. Fig. 5 depicts
the DOS profiles of the 1T-TaS, layer in the complex structure. As the graphene
layers serve as an electron dopant for the bilayer, placing the bilayer on a graphene
substrate shifts the degenerate empty flat bands towards the Fermi level. Although
a thicker multilayer graphene substrate provides more electrons to a bilayer system,
the degenerate empty flat bands do not shift further, and we did not observe any
peak splitting coming from electron doping. However, it should be noted that the
peak shift differs significantly between two stacking orders. When the 1T layer is
positioned between the 1H layer as an electron reservoir and the graphene substrate
as an electron dopant, a larger peak shift is observed than when the 1T layer is
placed above the 1H layer and far from the graphene layers. This result indicates
that the flat band splitting in 1T-TaSs can be controlled not only by the interlayer
distance, but also by considering adequate substrate platforms if sufficient electrons
are supplied to cause the splitting (i.e. to dope the flat band). We have added a
discussion on the role of the substrate in the revised version of the manuscript and

supplementary information.

7. In Ref. 10 a gap is observed when tunneling onto the 1H layer. Is this gap also
rationalized in terms of the calculations of the authors, or would the picture of

doped Mott only account for the zero energy peak when the 1T layer is probed?

In reference 10 the authors comment that the observed gap could in principle be

12



of a superconducting origin. In our calculations we restrict ourselves to the normal

state.

To summarize, I think that their results are of interest to the first principles 2D
materials community and can be of relevance for experiments in the field. Their
manuscript provides a potentially useful reference for future first principles theoretical
treatments, and therefore I believe that it will be a valuable addition to the literature.
Given all the points above, if the authors address the points mentioned above, I would

recommend their manuscript for acceptance in Nature Communications.

We thank the reviewer for their assessment and for the comments that we now

addressed in the revised version of the manuscript.

13



REPLY TO REVIEWER 2

The authors investigate the properties of heterogeneous Ta-dichalcogenide bilayer
addressing the character of the metallic state obtained interfacing 1T-TaCh2 insulat-
ing and 1H-TaCh2 metallic layer. Recent experiments claimed that Kondo screening
leads to the screening of the local moments of the strongly correlated insulating layer
due to the delocalized electrons giving rise to an heavy Ferma liquid. This observation
is contrasted by recent studies of in 3D heterostructure consisting of alternating lay-
ers of 1T-TaS2 and 1H-Tas2 that shows strong charge transfer from the insulating
layer to the metallic one. This effect induces a considerable number of holes in the
1T-TaS2 layer reducing the role of correlation.

The paper provides a detailed analysis based on combined DFT+DMFT simula-
tions to settle these contrasting results. The paper confirms the importance of the
interlayer charge transfer, finding that the role of the metallic layer is the one of
screening the local moments but rather to provide an electronic reservoir leading to
a strongly doped Mott insulator.

The paper is well written, the periodic Anderson model proposed to model the

bilayer is interesting and the results sound physically correct.
We thank the reviewer for their positive assessment.

However, I do have several comments that I wish the authors to consider. Please

see the detailed comments below.

1. The strong valence fluctuations leading to a Mott insulator with less than 1/2
electron per site suggests that the interlayer Coulomb interaction between delo-
calized carriers in the 1H and localized one in the 1T layer plays a crucial role.

Did you consider what is the role of interlayer Coulomb interaction? Do you

14



have any estimate of the value of the interlayer interaction?

We thank the reviewer for the question. What induces a Mott insulator with a
filling of less that 1/2 electron per site is the charge transfer between the 1T and
the 1H layers. The interlayer Coulomb interaction, as the reviewer mentions, is
important, as it affects the charge transfer, and is fully taken into account in our

DFT calculations.

2. Related to point (1). The nearest-neighbor Coulomb interaction leads to the for-
mation of interlayer exciton complexes [electron in 1H bound to hole in the 1T
layer] that as the interlayer distance is reduced might lead to the charge transfer

instability. Can you comment on the role of these interlayer excitations?

Excitons are formed between a maximum in an occupied band (where a hole is
created) and a minimum in an unoccupied band (where an electron is excited). An
insulating or semiconducting band structure is necessary for this mechanism. 1H
TaS, is a good metal, so that excitons are not expected to arise, though it might be

possible to specifically engineer samples that feature inter-layer excitons.

3. Concerning Fig.3 DMFT simulations are performed at CT=0 [filling 1 of the
flat band in 1T layer] and CT=1/2. Generically, the number of electrons in
the 17T layer is not conserved due to the interlayer hybridization. How did you

fix the relative filling of the two layers?

We consider the 1T electrons to be correlated and the 1H electrons to be delo-
calized. Hence, in the framework of DFT+DMFT, we can tune a double-counting
term, effectively an orbitally-selective chemical potential, to account for an energy
offset between the correlated and uncorrelated subspaces. In practice, the overall
and correlated-orbital-specific chemical potential terms act as two Lagrange multi-

pliers to fix the total and relative occupations of the layers. The double-counting
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shift can operationally be obtained in various ways according to assumptions on the
system at hand (fully-localized, around-mean-field, etc.). We choose to tune the
double-counting potential as follows: at each DMFT step, the partial density of the
correlated orbital (1T layer) is obtained by integrating the spectral function up to a
maximum value, which is set to the double-counting potential. This can then be nu-
merically tuned to reflect the desired occupation, which in turn relates to the value of
the charge-transfer. The overall chemical potential, related to the total occupation,

is similarly tuned in this self-consistent way.

4. Concerning your discussion on artificial Kondo physics realized by stacking
different layer of TMDs there have been recent theoretical proposals and exper-
imental realizations of heavy Fermi liquid like behavior in TMD moire’ semi-

conductors, see Ref. below:

(a) https://journals.aps.org/prb/abstract/10.1103/PhysRevB.106.L041116

(b) https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.043173
(c) https://www.science.org/doi/abs/10.1126/sciadv.ade7701

(d) https://www.nature.com/articles/s41586-023-05800-7

To broader the discussion and make connection with recent advances in the field

I suggest the authors to cite the aforementioned references.

We thank the reviewer for the citations which we have now added in the revised

version of the manuscript.
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REPLY TO REVIEWER 3

The present work provides insights into the physics of 1T/1H TaCh2 heterostruc-
tures, exploring the possibility of classifying them as either heavy fermions or doped
Mott insulators. The authors highlight two crucial competing parameters, namely the
charge transfer and interlayer hybridization strength, and demonstrate through DFT
calculations that these parameters vary with changes in interlayer distance. Further-
more, they propose that this system should be regarded as a highly doped Mott insula-
tor rather than a heavy fermion, offering a clearer understanding of the experimental
observations on 1T/1H TaCh2 heterostructures. However, further investigations are
required to determine the optimal parameters that accurately describe the Kondo be-
havior of this system. While this work contributes to enhancing our understanding
of correlation effects induced by vdW heterostructures, it is suggested that publication
in a more specialized journal would be appropriate. Several comments are provided

to elucidate the authors’ work:

We thank the reviewer for the comments.

1. It would be beneficial to elucidate the underlying cause of the change in charge
transfer with varying interlayer distance. As my understanding, charge transfer
tends to approach from 0.3 at infinite distance to 1.0 as the distance decreases,
at the same time interlayer interaction strengthens. This suggests the possibility
of a bonding/antibonding relationship between the two layers. Is it feasible to

identify the primary characteristic of the interlayer interaction?

This issue was briefly addressed in the paper already, as we wrote:
This behavior can be understood from the fact that there are two factors contributing
to charge transfer: First, there is a chemical potential mismatch that favors some

charge flow from the 1T to 1H layer; this factor is rather weakly d;,;-dependent. At
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dint = 6.5 A it is essentially the only factor. However, at small distances, there is
substantial hybridization between the flat band of the 1T-layer and the conduction
band of the 1H-layer (whose center of gravity, as seen from Fig. 2 a, b, is below the
flat band), which pushes the flat band up (Fig. 2 c). This effect is, on the contrary,
strongly din.-dependent and kicks in for dy,; < 6.5 A.

We emphasize that at really infinite distances the two layers are completely decoupled
and there cannot be any charge transfer. The reason is, as usual, the planar-plate
capacitor’s energy that grows with distance as od;,;, where o is the surface charge
density induced by the charge transfer. At very large distances this energy prevents
the difference in the work function transfer the charge between the two layers. In
the revised version, we augmented the paragraph above to be clearer, to read:

This behavior can be understood from the fact that at moderate distances there are
two factors contributing to charge transfer: First, there is a chemical potential (work
function) mismatch that favors some charge flow from the 1T to 1H layer; this factor
is rather weakly d,;-dependent. At d; 2 6.5 A it s essentially the only factor.
However, at small distances, there is substantial hybridization between the flat band
of the 1T-layer and the conduction band of the 1H-layer (whose center of gravity,
as seen from Fig. 2 a,b, is below the flat band), which pushes the flat band up
(Fig. 2 c). This effect is, on the contrary, strongly di,.-dependent and kicks in for
dint < 6.5 A. Finally, for di; > 6.5 A (several times greater), the simple planar-plate
capacitor effect, which adds additional energy cost of od;,:, where o is the surface
charge density induced by the charge transfer, arrests /prevents any charge transfer,
despite the difference in the chemical potentials, and the bilayer, for all intents and
purposes, becomes two uncoupled single layers.

in Fig. 6 we illustrate that at d;,; — oo the charge transfer slowly reduced to zero
and in Fig. 7 we show the results of the electrostatic potential calculations at various

interlayer distances which confirm a rather weakly d;,;-dependent work function in
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this system. We have included these results in the supplemental information of the

revised manuscript.

2. The physical range of charge transfer and interlayer hybridization is obtained
solely through DFT calculations. However, these values can be easily influenced
by different calculation options. For instance, it would be valuable to know if the
authors considered full structural relaxation even at short interlayer distances,
as the formation of SoD may be weakened or disrupted in highly doped cases
during DF'T calculations. Additionally, long-range correlation effects are known

to tmpact band positions and charge transfer.

We thank the reviewer for the question. We have performed very careful atomic
relaxations on all structures at all distances. For our DFT and DMF'T calculations,
we employed the optimized structures with entirely relaxed interatomic bondings
and lattice constants, but fixed the interlayer distances. The only constraint was
the positioning of Ta atoms on each 1T and 1H layer in two parallel planes. For
example, in the case of d;,;=5.8 A, Ta atoms on 1T and 1H layers are fixed at 2=0.0
A and 2=5.8 A, respectively. However, the = and y components of Ta atoms were
freely relaxed to permit CDW modulation, and the z, y, and z components of all S
atoms were also freely optimized. The result is shown in Fig. 8(c). In addition, the
atomic displacement in CDW modulation when the interlayer separation is varied,
was investigated. Because the 3 x 3 charge order in the 1H-TaS, has a negligible
impact on the charge transfer between layers (please see the answer to reviewer 1), we
have focused on the formation of SoD on the 1T layer using a /13 x /13 supercell.
Nevertheless, we have optimized 1H layers to obtain relaxed structures under the
given conditions. For greater interlayer distances di,; >7.0 A, the lattice constant
was fixed at 11.964 A of converged value. As depicted in Fig. 8(d), Ta atoms on the
1T layer form SoD even at a short interlayer distance of d;;=5.5 A by being slightly
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function of the 1T-side increases as the flat-band filling factor increases, whereas the
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values.
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on 1T and 1H layers are illustrated in blue and gray, respectively. (b) Atomic
displacements of Ta on 1T layer in CDW modulation, whose direction is
represented by black arrows. (c) Energy-lattice constant relation in /13 x /13
bilayer 1T /1H-TaS, at fixed interlayer separations. Each energy curves are
vertically offset for clarity and shown in arbitrary units. Energy minima is depicted
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of our all explored geometries, is marked with a black edge. (d) Atomic
displacements of Ta on the 1T and 1H layers as a function of interlayer distance.
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of confidence. As interlayer spacing widens and the hybridization decreases, the 1H
layer reverts to a triangular lattice, whereas the 1T layer shrinks significantly more.
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shifted from the triangular lattice. The degenerate empty localized states, caused
by this minor shift at d;;=5.5 A are observed above the Fermi level (*comment:
original PBE+D3 result). As the interlayer distance increases, the hybridization
decreases and the size of the SoD reduces as the displacement increases. The SoD
size has converged at d;,; ~ 7.5 A. We have added the details of the calculations in

the Supplemental information of the manuscript.

3. Based on Figure 3, it seems that the susceptibilities for (CT=1/2, V1=30) and
(CT=0, V1=100) exhibit similar trends upon rough comparison. Moreover, the
spectral functions in Figure 4 demonstrate similar behavior, albeit with some
asymmetry. If we consider different values of CT and V1 that exhibit similar
low-energy behavior, is it possible to determine the specific values of CT and V1
through experimental observations? It is crucial to clarify whether this system
can be classified as a heavy fermion, highly doped Mott insulator, or something

i between.

We thank the reviewer for this comment, which entails an important discussion.
While it is true that the behavior of the susceptibilities for CT = 1/2, V1 = 30meV
and CT = 0, V1 = 100meV seems to be qualitatively similar, a big difference
between the two scenarios can be evidenced from the comparison of the instantaneous
local moment, shown in the inset of Fig. 3 for 7 = 0: in fact, in the presence of
charge transfer (C'T = 1/2) its value is already dramatically screened (less than 0.5,
inset Fig. 3 a), while it is considerably less so in the CT = 0 (no charge transfer)
case (inset Fig. 3 b). X-ray absorption spectroscopy could be a way to probe the
local moment experimentally.

A major difference between the doped Mott (CT = 1/2, V1 = 30meV) and
heavy Fermion scenario (CT = 0, V1 = 100meV') appears in the momentum depen-

dent spectral functions (A(k,w)), which are experimentally measurable via angular
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resolved photoemission spectroscopy (ARPES). We show total and layer resolved
spectral functions at temperatures 7'= 116 K and 9 K in Fig. 9. A clear distinction
between the heavy Fermion scenario can be seen from the spectral functions along
a high-symmetry path and most clearly from the spectral weight maps at the Fermi

energy (A(k,w = 0)).

In the (CT = 0, V1 = 100meV')-case we find at the higher temperature inco-
herent spectral weight at the Fermi level originating from the T-layer and from the
H-layer bands at the Fermi level. When coherence in the T-layer develops at low
temperature the apparent Fermi surface completely reconstructs with new Fermi sur-
face segments originating from coherent quasiparticles appearing in the T-layer. The
strong hybridization between T and H-layer states can be inferred from avoided cross-
ings of the low-energy quasi particle bands and from the character change (T-layer
vs H-layer) along the Fermi surface segments appearing at low temperature. Such
a temperature induced reconstruction of the Fermi segments is indeed characteristic

of heavy Fermion systems.

The (CT = 1/2, V1 = 30meV) case differs from this scenario. While some
sharpening of spectral features upon lowering the temperature appears also here,
we observe at the Fermi level T-layer-derived coherent spectral weight already at
the higher temperature and there is no complete reconstruction as is the case for
CT =0, V1 = 100meV. This can be most clearly seen in the H-layer Fermi level
spectral weight, which remains almost unchanged with temperature (CT = 1/2,

V1 = 30meV)-case — in strong contrast to the (CT = 0, V1 = 100meV)-case.

This is why we think that ARPES (possibly nano-ARPES given the typical system
size) might be a good way to distinguish doped Mott and heavy Fermion scenarios.
We added these spectral functions to the revised supplemental information and added

a corresponding discussion also to the revised main text.
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

| thank the authors for the detailed response to my comments. | note below a few follow-up
comments motivated by their response, using the same numbers the authors used in their response:

1) The results of the authors are slightly surprising, given that there is substantial experimental
evidence suggesting that Se-S replacements are the drivers of the charge transfer in 4Hb TaS2. This
could be, of course, a limitation of the DFT formalism in this material. To address this point, | would
suggest that the authors add a statement in the manuscript such as “While chalcogen replacements
are likely a driving force for a change in the filling in 4Hb TaS2, our DFT calculations do not find
substantial changes in the charge transfer. This could hint at a potential limitation of bare DFT
calculation to account for charge transfer in these materials.”.

3) I thank the authors for noting their argument, yet | would like to respectfully point out that | do
not fully agree with their argument regarding energy scales. Hubbard U in Ta can be on the order of
1.5-2 eV, which implies that each CDW orbital is affected by that U through an approximate
participation ratio of 13, yielding an effective U in the Wannier orbital of 100 meV. This would imply a
relatively sizable change in the band alignment. To address this point, | would suggest that the
authors add the following statement to their manuscript: “Our calculations do not include possible
DFT+U corrections, which can potentially change the band alighment and charge transfer in the
system.”

7) Ref. 10 shows that the gap cannot be of superconducting origin, as it persists up to large out-of-
plane magnetic fields. Given that the gap of Ref. 10 is not superconducting, could the authors
comment if their picture would support the existence of such a gap? From my understanding, the
doped Mott regime proposed would be inconsistent with the presence of a gap in the 1H layer, and
in the doped Mott regime, the 1H would be metallic. To address this point, | would ask the authors to
include the following statement in their revised manuscript: “We note that the doped Mott regime
found in our calculations is incompatible with the gap observed in 1H in Ref. 10, suggesting that
those bilayers on HOPG cannot be rationalized within the doped Mott scenario.”

Finally, in order to incorporate these aspects in the abstract, | would suggest that the authors make
the following minor replacements in their abstract:



- “based on first-principles calculations which indicates” - “based on first-principles calculations in
free-standing bilayers which indicates”

- “We accurately quantify the strength of the interlayer hybridization which allows us to
unambiguously determine that the system is much closer to a doped Mott insulator than to a heavy
fermion scenario” - “We quantify the strength of the interlayer hybridization, which allows us to
suggest that free-standing bilayers would be close to a doped Mott insulator regime.”

To summarize, | think that the authors put forward an interesting first-principles study of
dichalcogenide bilayers. | will recommend acceptance in Nature Communications once the authors
implement the changes outlined above.

Reviewer #2 (Remarks to the Author):

The authors addressed all my comments, but still there are some arguments presented in the work
that are not fully convincing and deserve further clarification.

1) Coming back to question #1 of my previous report.

The reply is not completely clear, since it does not clarify how the long-range interaction is taken into
account in the DMFT calculations presented in the manuscript.

The nearest-neighbor interlayer interaction is particularly important to determine the energetics of
the charge transfer between the two layer and the estimate of its value should be provided in the
manuscript. Moreover, the interaction could also favor interlayer electron-hole excitonic complexes
changing the qualitative results presented in the manuscript.

2) It is not clear why the Mott insulator persist down to CT=1/2?

Decreasing the filling in the 1T layer should reduce correlations and lead to metallic behavior. Thus,
for this large value of the charge transfer one would rather expect a metallic behavior in both layers.

Reviewer #3 (Remarks to the Author):



The following points need to be clarified for the referee report:

1. Regarding the charge transfer variation, the authors mentioned that the charge transfer at short
distances is induced by the upshift of flat bands. However, it's intriguing that such a sensitive upshift
occurs due to weak van der Waals interlayer interactions. Could the authors specify which orbitals in
1H-TaS2 are interacting with the flat band of 1T-TaS2? Based on Figure 6 in the authors' report, it
appears that the flat band is the most sensitive to shifting, while other bands remain relatively
insensitive.

2. The formation of stable SoD at short interlayer distances (~5.5 A) is noteworthy. It's particularly
interesting that SoD can remain stable with one less electron, as traditional CDW systems are
typically sensitive to electron doping. Is there a specific reason why SoD remains stable under
electron doping in this case?

3. The authors suggest additional experiments to distinguish between the heavy fermion and doped
Mott scenario. It is agreed that ARPES or local moments could be valuable experimental tools to
confirm the scenario. However, this also implies that the scenario cannot be definitively confirmed
based solely on the limited DFT (Density Functional Theory) and DMFT (Dynamical Mean-Field
Theory) calculations. Thus, it remains an open question, and further work in this area is warranted.

In summary, if the issues raised in points 1 and 2 can be clearly explained, this work could be
recommended for publication in this journal. However, the need for additional experimental
validation, as mentioned in point 3, highlights the ongoing nature of this research.



LIST OF CHANGES

1. Added Supplementary Note 5 containing a discussion on the possible effects of
non-local interaction terms. Added a sentence in the main text to refer to it

(lines 244-246).

2. Modified the discussion of the DFT+U contribution in the Methods section
of the main text (lines 430-437) to include a discussion of the work function

difference.

3. Expanded a sentence in the main text to properly convey that the spectral fea-
tures alone are not sufficient to discriminate between different types of physics

at play (lines 358-362).

4. Added Supplementary Note 7 detailing the different d-orbitals contribution to
inter-layer hybridization. Added a sentence in the main text to refer to it (line

452).



REPLY TO REVIEWER 1

I thank the authors for the detailed response to my comments. I note below a few
follow-up comments motivated by their response, using the same numbers the authors

used in their response:

We thank the reviewer for their assessment. Below, we answer point by point

their observations.

1. The results of the authors are slightly surprising, given that there is substan-
tial experimental evidence suggesting that Se-S replacements are the drivers of
the charge transfer in 4Hb TaS2. This could be, of course, a limitation of the
DFT formalism in this material. To address this point, I would suggest that
the authors add a statement in the manuscript such as “While chalcogen re-
placements are likely a driving force for a change in the filling in JHb TaS2,
our DF'T calculations do not find substantial changes in the charge transfer.
This could hint at a potential limitation of bare DF'T calculation to account for

charge transfer in these materials.”

With regards to the role of Se replacement in the physics of charge transfer, we
should point out that the reviewer’s statement — “given that there is substantial
experimental evidence suggesting that Se-S replacements are the drivers of the charge
transfer in 4Hb TaS2” — does not align with the recent experimental reports. As
far as we are aware, there is a recent report [1] from Weizmann Institute. Binghai
Yan is one of the co-authors in both our manuscript and this experimental report.
In the experimental paper, the authors speculated that Se-S replacement may stop
the charge transfer while clean 4Hb TaS2 always exhibits charge transfer. This is
opposite to what the Reviewer claimed. Our work deals with the clean 4Hb TaS2

and the DFT-calculated charge transfer is consistent with the Weizmann Institute



experiments. Understanding whether Se matters, which is still inconclusive in the
experimental paper, is beyond the scope of our present work, although it might be

an interesting question.

3. I thank the authors for noting their argument, yet I would like to respectfully
point out that I do not fully agree with their argument regarding energy scales.
Hubbard U in Ta can be on the order of 1.5-2 eV, which implies that each CDW
orbital 1s affected by that U through an approrimate participation ratio of 13,
yielding an effective U in the Wannier orbital of 100 meV. This would imply a
relatively sizable change in the band alignment. To address this point, I would
suggest that the authors add the following statement to their manuscript: “Our
calculations do not include possible DF'T+U corrections, which can potentially

change the band alignment and charge transfer in the system.”

We thank the reviewer for the observation, but we respectfully disagree with their
assessment: first, it is important to note that DFT+U is mostly reliable in the
cases of atomic orbitals, and it is known to present issues when dealing with an
electron distributed over several lattice sites, as already established for example in
the paradigmatic case of VO, [2] and organic materials [3].

Nevertheless, we did perform LDA+U calculations (as detailed in Supplementary
Note 5) , and, as expected, found no meaningful change in the charge transfer. Since
we include the Hubbard U in our model calculations, we, of course, used in the latter
the input from straight DFT.

We agree with the reviewer on the order of magnitude of the effective Hubbard
U, which we also value at ~ 100meV. On the matter of band stacking, this value
has to be compared with the bonding/anti-bonding gap of the charge density wave
of the T electrons, in absolute value ~ 600 meV as visible from Fig. 1b in the main

text.



We can also assess the effects of this term on charge transfer. We can define a
comparative energy scale through the work function differences between the 1T and
1H layers. Our calculations (cfr. Supplementary Table 1) show that regardless of
CDW formation the 1H layer has a work function that is approximately 800 meV
larger than that of the 1T layer. This explains the propensity of electrons to be
transferred from the T layer to the H. We agree with the reviewer that DFT+U
type corrections related to U ~ 100 meV could affect also the work functions by
~ 100 meV. However, the bonding/anti-bonding energy gap is 6 times larger than
this contribution, and the work function difference is 8 times larger. This is why
we do not expect a U correction as implemented in DFT+U to provide significant
alterations to our picture.

To sum up, DFT+U corrections are not expected to strongly affect the band stack-
ing and charge transfer. We have rephrased the comment on DFT+U in the Methods

section of the main text in order to better address the reviewer’s observations.

7. Ref. 10 shows that the gap cannot be of superconducting origin, as it persists
up to large out-of-plane magnetic fields. Given that the gap of Ref. 10 is
not superconducting, could the authors comment if their picture would support
the existence of such a gap? From my understanding, the doped Mott regime
proposed would be inconsistent with the presence of a gap in the 1H layer, and in
the doped Mott regime, the 1H would be metallic. To address this point, I would
ask the authors to include the following statement in their revised manuscript:
“We note that the doped Mott regime found in our calculations is incompatible
with the gap observed in 1H in Ref. 10, suggesting that those bilayers on HOPG

cannot be rationalized within the doped Mott scenario.”

We agree with the reviewer that the doped Mott regime would be at odds with

the presence of a gap in the 1H layer. We however argue that the interpretation of
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the experimental data of ref. 10 is rather delicate. While some of the features shown
by the samples considered in ref. 10 are indeed compatible with the Kondo insulator
scenario proposed by the authors (such as the presence of a gap in the 1H electron
DOS), others seem to be less easily reconcilable: for example, the experimental data
of fig. 2¢ show no hint of the presence of an indirect hybridization gap down to 300
mK in the 1T layer. Indeed, there are different possible causes for a spectral weight
depletion occurring in the 1H layer at the Fermi level. One possible explanation close
to the Kondo insulator / heavy fermion picture of ref. 10, but also in line with the
scenario of a doped Mott insulator, would be the Fano effect.

The Fano effect has been invoked to explain asymmetric as well as symmetric
resonances and also spectral weight depletions / “dips” at the Fermi level measured
in STM experiments with adatoms on surfaces [4, 5]. While these can be of Kondo
origin, the Fano resonance mechanism itself only necessitates the hybridization of
the conduction electrons with a generic narrow quasiparticle peak at the Fermi level.
This scenario is fully compatible with our doped Mott theoretical characterization.

However, other explanations of a gap at the Fermi level of the 1H layer are also
possible. These include CDW effects and still also claims of unconventional supercon-
ductivity [6]. As a consequence, we relied on other features (e.g. the local moment
behavior) to support our theoretical picture.

Since the emergence of a spectral weight depletion does not allow to distinguish
between Kondo insulator and doped Mott scenarios, and furthermore the exact origin
of the depletion in the 1H layer appears as a rather open issue, we think that adding
the strong statement suggested by the reviewer to our paper would not be correct.
In the manuscript, we stated the evolution of a narrow coherence peak observed
in spectra cannot alone distinguish between the doped Mott and the heavy fermion
scenario. We have now expanded the previously quoted sentence to more clearly

address the difficulty of drawing conclusions from spectral features alone.



Finally, in order to incorporate these aspects in the abstract, I would suggest that

the authors make the following minor replacements in their abstract:

We detail the answers to each point

8. “based on first-principles calculations which indicates” — “based on first-

principles calculations in free-standing bilayers which indicates”

We point out to the reviewer that we also considered non-free-standing samples,
as detailed in Supplementary Note 2, where the effect of different substrates has
been discussed and deemed not determinant to the overall physics. Therefore, we

respectfully disagree with the proposed rephrasing.

9. “We accurately quantify the strength of the interlayer hybridization which al-
lows us to unambiguously determine that the system is much closer to a doped
Mott insulator than to a heavy fermion scenario” — “We quantify the strength
of the interlayer hybridization, which allows us to suggest that free-standing

bilayers would be close to a doped Mott insulator regime.”

As discussed in the previous point, our analysis is not limited to the free-standing
case. We don’t think the rephrasing, or the removal of the adverb “accurately” is

therefore warranted.

To summarize, I think that the authors put forward an interesting first-principles
study of dichalcogenide bilayers. I will recommend acceptance in Nature Communi-

cations once the authors implement the changes outlined above.

We thank the reviewer for their overall positive assessment, and we hope to have

exhaustively answered to their observations.



REPLY TO REVIEWER 2

The authors addressed all my comments, but still there are some arguments pre-

sented in the work that are not fully convincing and deserve further clarification.

We thank the reviewer and address the points raised below

1. Coming back to question #1 of my previous report. The reply is not completely
clear, since it does not clarify how the long-range interaction is taken into
account wn the DMFT calculations presented in the manuscript. The nearest-
neighbor interlayer interaction is particularly important to determine the en-
ergetics of the charge transfer between the two layer and the estimate of its
value should be provided in the manuscript. Moreover, the interaction could
also favor interlayer electron-hole excitonic complexes changing the qualitative

results presented in the manuscript.

We thank the reviewer for their observation. We are convinced that the in-plane
long range interaction, which was not taken into account, can quantitatively, but not
qualitatively change the results. Mean-field interlayer Coulomb is fully accounted
for in the underlying DFT. Effects beyond DFT, such as interlayer excitons, are only
observed in large-gap semiconductors, like WSe; /MoSes, and even there they are
hard to detect. We have added Supplementary Note 5 detailing our considerations

on long-range interaction terms.

2. It is not clear why the Mott insulator persist down to CT=1/2? Decreasing the
filling in the 1T layer should reduce correlations and lead to metallic behavior.
Thus, for this large value of the charge transfer one would rather expect a

metallic behavior in both layers.



We thank the reviewer for the question, which gives us the opportunity to clarify
what is perhaps a slightly misleading -though standard- terminology: while a Mott
insulator is in fact insulating, a doped Mott insulator is metallic. In our case, the
system is expected to be a strongly-correlated metal. Indeed, as we assess in the main
text, the charge transfer between 1T-TaSy and 1H-TaS, drives the Mott insulating
state in 1T-TaSy far away from the half-filling regime (one electron per correlated

orbital) of the 1T single layer, introducing itinerant charge carriers inside the 1T-

TaSy layer.



REPLY TO REVIEWER 3

The following points need to be clarified for the reviewer report:

We answer each point below

1. Regarding the charge transfer variation, the authors mentioned that the charge
transfer at short distances is induced by the upshift of flat bands. However,
it’s intriguing that such a sensitive upshift occurs due to weak van der Waals
interlayer interactions. Could the authors specify which orbitals in 1H-TaS2 are
interacting with the flat band of 1T-TaS2? Based on Figure 6 in the authors’
report, it appears that the flat band is the most sensitive to shifting, while other

bands remain relatively insensitive.

We thank the reviewer for the pertinent question. The binding has a considerable
vdW contribution, but it has still enough covalent character to bind the 3D TaS,
even without the vdW correction (as opposed to, say, graphite). Among the 1H-
TaS, orbitals, it is the out-of-plane d.2 orbital that provides the larger overlap, as
detailed in the Methods section. To confirm this, we can introduce an estimator for

the hybridization of different orbitals defined as

¢a, 95) = [(GalVnr)| - (05| Wnk)]

where ¢, 3 are the chosen d orbitals and V¥, is the Kohn-Sham wavefunction near
the Fermi level. The results are shown in Fig. 1, where the orbital characters
corresponding to the largest values of ) are plotted. As expected, the overlap between
the d.» orbitals in the 1H and 1T layers is noticeably larger than the others, including
the second largest (d,2_,2(H),d.2(T)). We have included the picture and a brief

explanation in Supplementary Note 7.
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Figure 1. Hybridization estimator between different orbitals. Orbital hybridization
estimator for an inter-layer distance of (a) 5.8 A and (b) 7.0 A. The panels on the left
replicate Fig. 2a,b in the manuscript at the two chosen interlayer distances. On the right
we show the DFT band structure weighted with the hybridization estimator §2 for the

largest contributions to the overall hybridization.

2. The formation of stable SoD at short interlayer distances ( 5.5 A) is note-
worthy. It’s particularly interesting that SoD can remain stable with one less
electron, as traditional CDW systems are typically sensitive to electron doping.

Is there a specific reason why SoD remains stable under electron doping in this
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case?

We thank the reviewer for the interesting point, which is suitable to be expanded
upon in future work. We can give a first qualitative explanation: the model consists
of 6 bonding orbitals, 6 anti-bonding and 1 non-bonding (the flat band). Since the 6
bonding orbitals are well separated in energy from the non-bonding, even when the
latter is depleted the SoD pattern remains robust, as it can be evinced from Fig. 1b

in the main text.

3. The authors suggest additional experiments to distinguish between the heavy
fermion and doped Mott scenario. It is agreed that ARPES or local moments
could be valuable experimental tools to confirm the scenario. However, this also
implies that the scenario cannot be definitively confirmed based solely on the
limited DF'T (Density Functional Theory) and DMFT (Dynamical Mean-Field
Theory) calculations. Thus, it remains an open question, and further work in

this area is warranted.

We agree with the reviewer that this area of research warrants further analysis. In
any event, we believe the theoretical evidence is strong, and in fact our study is only
theoretical. The techniques we employed, such as DMFT, offer a clear argument to
discriminate between the possible scenarios, given their well-proven ability to assess
the presence or absence of well-formed local moments at various temperatures. The
experimental scenarios we proposed are in our opinion adequate tools to confirm our

hypothesis.

In summary, if the issues raised in points 1 and 2 can be clearly explained, this
work could be recommended for publication in this journal. However, the need for
additional experimental validation, as mentioned in point 3, highlights the ongoing

nature of this research.
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We thank the reviewer for their positive assessment and we hope to have addressed

their concerns.
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have addressed the different comments in my report. | would like to thank them for
their detailed response. There are some minor points that could be discussed related to the
reliability of DFT in making their statements, and from my perspective, it would be informative for
the readers that those limitations are stated explicitly. Nonetheless, for the sake of moving forward, |
believe that their current version is at the stage that can be accepted in Nature Communications
despite some methodological overstatements.

| would finally comment on their explanation for the appearance of a gap in the 1H side of the
heterostructure. The authors mention that it could stem from Fano resonance. However, this would
require a local S=1/2, which corresponds to the opposite scenario of the one proposed in the
manuscript. The authors also mention that such a gap in 1H can be related to CDW or
unconventional superconductivity. As stated in my previous report, the fact that the gap survives
large out-of-plane magnetic fields shows that it is not superconducting. CDW orders in TMDC
materials are not capable of fully gaping the Fermi surface, and no additional CDW was observed
experimentally. Given those points, | would judge that their explanation for the existence of the gap
in 1H is not compatible with the doped Mott scenario proposed by the authors. Of course, it is
perfectly fine that their theoretical analysis is not compatible with experiments, as their results are
clearly of interest to theorists in the field. However, such inconsistency should be acknowledged in
their manuscript or the Sl to avoid misleading readers.

To summarize, once the authors address that final point, the manuscript can be accepted in Nature
Communications.

Reviewer #2 (Remarks to the Author):

The authors have addressed all my comments. | think the current version of the manuscript is
suitable for publication in nature communications.



Reviewer #3 (Remarks to the Author):

Most of my questions are well responsed.

Although there are still several issues in the origin of the charge trasfer depending on the interlayer
distance and the stable SoD in highly doped case, it should be studied in further studies.

So, let me recommend this manuscript for publication as it is.



LIST OF CHANGES

1. Rephrased a passage in the main text (line 360-369) to evidence the presence
in ref. 10 of a spectral weight dip in the 1H layer, the explanation of which is

not conclusively provided in this paper.

REPLY TO REVIEWER 1

The authors have addressed the different comments in my report. I would like to
thank them for their detailed response. There are some minor points that could be
discussed related to the reliability of DFT in making their statements, and from my
perspective, it would be informative for the readers that those limitations are stated
explicitly. Nonetheless, for the sake of moving forward, I believe that their current
version is at the stage that can be accepted in Nature Communications despite some

methodological overstatements.

We thank the reviewer for their positive assessment of our response and our work
in general. Though we are confident of the suitability of the used methods, we
appreciate the reviewer’s concerns. In this context, the topic will certainly benefit

from further investigations, both theoretical and experimental.

I would finally comment on their explanation for the appearance of a gap in the
1H side of the heterostructure. The authors mention that it could stem from Fano
resonance. However, this would require a local S=1/2, which corresponds to the
opposite scenario of the one proposed in the manuscript. The authors also mention
that such a gap in 1H can be related to CDW or unconventional superconductivity. As
stated in my previous report, the fact that the gap survives large out-of-plane magnetic

fields shows that it is not superconducting. CDW orders in TMDC materials are not



capable of fully gaping the Fermi surface, and no additional CDW was observed
experimentally. Given those points, I would judge that their explanation for the
existence of the gap in 1H is not compatible with the doped Mott scenario proposed
by the authors. Of course, it is perfectly fine that their theoretical analysis is not
compatible with experiments, as their results are clearly of interest to theorists in the
field. However, such inconsistency should be acknowledged in their manuscript or

the SI to avoid misleading readers.

We thank the reviewer for their comment. We believe the Fano resonance mech-
anism can be used to discuss a very broad range of “dip 4+ peak” phenomena, not
necessarily requiring localized spin mometa. However, we appreciate the experimen-
tal evidence provided in Ref. 10 is at odds with a CDW or superconducting scenario,
and compatible with a Kondo lattice description as well. We have rephrased a pas-
sage in the main text to reflect the interpretation of the observations from a spectral

perspective.

To summarize, once the authors address that final point, the manuscript can be

accepted in Nature Communications.

We thank the reviewer.

REPLY TO REVIEWERS 2 AND 3

We thank the reviewers for their positive assessment.
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