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Emergence of monolayer electron behavior in bulk van der Waals superlattice
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Monolayer transition metal dichalcogenides (TMDs) have a simple crystal structure, but they exhibit intricate
physical phenomena that differ from their bulk counterparts. Recently, there has been significant interest in the
electronic behavior of monolayer TMDs hosted in a natural van der Waals superlattice material, BagNb;;S,s,
consisting of alternating NbS, monolayers and block layers. Here, we report the electronic structure study of
BagNb;;Syg and BagTa;;Sys. Using angle-resolved photoemission spectroscopy and density functional theory
calculation, we show that the electronic structures of the superlattices are similar to those of monolayer TMDs.
The two-dimensional characteristics indicate that the interlayer coupling of adjacent TMD layers is suppressed
by the intercalation of the Ba;NbS5 or Ba;TaSs block layer. A clear band splitting due to spin-orbital coupling is
observed in BagTa;;Syg, while no obvious splitting is found in BagNb,; S,5. These observations are in qualitative
agreement with the observation on monolayer films of NbS, and TaS,. Based on our findings, these natural
superlattices can serve as an effective model system for studying monolayer materials and their potential

applications.

DOI: 10.1103/PhysRevB.109.155115

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) consist of a
stack of two-dimensional (2D) atomic layers and exhibit com-
plex and diverse physical phenomena. Many of these physical
phenomena, such as charge density waves (CDW), super-
conductivity, spin-valley locking, and Mott insulators, have
attracted considerable attention [1-5]. As TMDs are reduced
to the monolayer limit, these properties may intertwine, giving
rise to puzzling phenomena such as direct band gaps, nontriv-
ial topology, and Ising superconductivity [6-9]. Meanwhile,
the evolution of bulk properties into the 2D limit has also
been of great interest [10-17]. The CDW phase of mono-
layer NbS, and TaS, exhibits obvious substrate dependence
[17-21]. Superconductivity is suppressed in monolayer NbS,,
but enhanced in TaS, [13-16,22,23].

Most 2D TMDs are produced through film growth or me-
chanical exfoliation of bulk crystals. However, both methods
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suffer from inherent instability in natural environments. For
example, exposure to air causes rapid oxidation and the loss
of superconductivity in monolayer NbS, [13]. In the case of
film growth, the choice of substrate influences the physical
properties of the resulting material. For instance, the use of
an Au (111) substrate disrupts the CDW order in monolayer
NbS, and TaS; [18,19]. Additionally, the electronic hybridiza-
tion between the sample and its metallic substrate induces a
“pseudodoping” effect, leading to a significant change in the
band structure [24]. Thus, finding a new way to realize a clean
2D TMD material becomes a significant challenge.

Recently, a van der Waals superlattice BagNbj;Ssg,
consisting of alternating block layers and monolayer TMDs,
has provided a different approach for fabricating 2D materials
[25,26]. With the insertion of block layers, the interlayer
coupling between the nearest-neighbor monolayer TMDs
diminishes or even vanishes, permitting the monolayer TMD
to exist inside the block layer. Transport measurements
indicate that BagNb;;Syg is a clean 2D superconductor with
T. = 0.82 K, and its Cooper pairs could form 2D bosonic
Landau levels under magnetic field [25,27]. In this study,
we measured the electronic structure of BagM;;S,s (M =
Nb, Ta) using angle-resolved photoemission spectroscopy
(ARPES) technique and made a comparison to the results of a

©2024 American Physical Society
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FIG. 1. Crystal structures and shallow core levels of BagNb;;S;5 and BagTa ;Syg. (a) Schematic representation of the crystal structures for
the BagNb;;Sys and BagTa;;S,g, where BazMSs (M = Nb, Ta) layers are intercalated in the H-MS, lattice. (b) Top view of crystal structures.
The large black rhombus represents the conventional cell of BagM;;S,s. The small red rhombus corresponds to the conventional cell of MS,.
(c) Core-level spectra for BagNb;;S,5 and BagTa;; S,s, respectively. The linear background intensity is indicated by the blue dotted line. (d) Top
view of two hexagonal BZs. The black hexagon corresponds to the BZ of MS,. The red dotted lines represent reduced BZ formed by a 3 x 3
superlattice. (e),(f) DFT calculated layer- and element-resolved DOSs of BagNb,;S,s and BagTa,; Sy, respectively. (g) Schematic plot of

electronic DOSs of BagM;Syg.

density-functional-theory (DFT) calculation. The
chemical formula of BagM;;S;3 can be interpreted as
(BasMSs)2(MS;)9, where the crystal structure consists of
an alternatively stacked monolayer MS, and Ba3;MSs layer
along the ¢ axis [Fig. 1(a)]. Our research indicates that
in comparison with bulk 2H-MS,, the interlayer coupling
is effectively suppressed, consequently transforming the
electronic structure of BagM;;S,g into the 2D limit. Our
findings demonstrate that the BagM;S,g family provides a
different platform for hosting and manipulating TMDs in a
2D limit.

II. METHOD

Single crystals were synthesized using a molten salt flux
method [25]. Crystal structures and lattice constants are de-
termined using transmission electron microscopes. ARPES
measurements were conducted at the BLO7U and BLO9U
endstations of the Shanghai Synchrotron Radiation Facility
with a Scienta DA30-L electron analyzer and the 1>-ARPES
endstation of the UE-112-PGM2 beam line at the Helmholtz-
Zentrum Berlin BESSY-II light source. The angular and

energy resolutions were set to better than 0.1° and 5 meV,
respectively. During the experiments, the sample temperature
was maintained at 7 = 20 K unless specified otherwise, and
the vacuum conditions were kept better than 6 x 10~!! Torr.
The DFT calculations were performed by using the pro-
jector augmented-wave method [28,29] as implemented in
the Vienna ab initio simulation package (VASP) [30,31]. The
generalized gradient approximation (GGA) in the scheme of
Perdew-Burke-Ernzerhof [32] was adopted for the exchange-
correlation functional. The energy cutoff of the plane-wave
basis was set to 380 eV. The Fermi surface was broadened
by the Gaussian smearing method with a width of 0.05 eV.
A 5 x 5 x 3 Monkhorst-Pack k-point mesh was adopted to
sample the 3D Brillouin zone (BZ). Both lattice constants and
internal atomic positions were optimized. The convergence
tolerances of force and energy were set to 0.01 eV/A and
1073 eV, respectively. The DFT-D2 method [33,34] was used
to account for the interlayer van der Waals interaction. For
convenient comparison, the band structures of 3 x 3 super-
cells were unfolded to unit cells by using the band unfolding
method [35] as in the PYVASPWFC package [36]. For con-
venience, we use I'-M-K-A-H-L-A (T-M-K) for the TMD
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(surface) BZ, noted as TMD BZ, and I'’-M’-K’-A’-H'-L’ for
the BZ of BagM/,S»3, also noted as reduced BZ.

III. RESULTS

Figures 1(a) and 1(b) show the crystal structures of
BagM,,S,5 (M=ND, Ta). The lattice constants of BagNb;;S,g
(BagTa(1Syg) are a=5b=9.66 (9.62) A and ¢=24.13
(24.14) A. Both of them exhibit the same hexagonal structure
with the space group P31c. The superlattice can be viewed
as the alternate stacking of monolayer 1H-MS, and block
layer BasMSs along the ¢ axis. In the top view [Fig. 1(b)],
each layer comprises 3 x 3 MS,. In the shallow core-level
photoemission spectroscopy [Fig. 1(c)], the Ba 5s and 5p
peaks are clearly observed at Ep — 29.8, Ep — 14.2, and Ep —
16.3 eV, respectively, for both BagTa;;S,3 and BagNb;;Sos.
For BagTa;;S,g, two sharp Ta 4f peaks are located at Ep —
22.7 and Ep — 24.6 eV, respectively. Furthermore, two satel-
lite peaks are present on the left side of the Ta 4 f core levels
[inner plot of Fig. 1(c)]. These peaks are from the Ta atoms of
the Ba3TaSs and TaS; layers, respectively.

The DFT-calculated projected density of states (DOS) are
shown in Figs. l(e) and l(f), for BaéNb“Szg and BaéTa“Szg,
respectively. In addition, a schematic drawing of the band
structure is shown in Fig. 1(g). It is evident that the electron
states near the Fermi level (Er) predominantly originate from
NbS, and TaS, (highlighted by the green and red curves).
Conversely, states away from the Er arise from the BazNbSs
and Ba;TaSs layers (mixed with deep states from the TMD
layer), positioned approximately 1 eV above and below the
Ep. Energy gaps are observed between the contributions from
the TMD layer and the block layer, one located at above
Ep and another one below Er. Consequently, the electronic
structure near the Er of BagM1S,g could be understood as
nearly isolated monolayer 1H-MS, separated by insulating
Ba3;MSs layers.

The band structures of BagM1S,3 (where M = Nb and
Ta), calculated using DFT without spin-orbital coupling
(SOC), are presented in Fig. 2. No dispersive band with re-
spect to k, is observed near the Er. This is qualitatively in
contrast to the behavior observed in 2H-MS, (M = Ta, Nb),
where a rapidly dispersive band originating from the S p,
orbital exists in the vicinity of Er [37-40]. Given the presence
of a 3 x 3 superstructure in the MS, layer within the unit cell,
a zone folding effect is expected. We calculated the unfolded
band structure with respect to the MS, unit cell, and present
it in Figs. 2(b) and 2(d). The unfolded band structure aligns
more closely with the band structure from the monolayer cal-
culation [15,16,18,19,37], showing a negligible contribution
from the folding effect, indicated by the light-blue shadows in
Figs. 2(b) and 2(d).

The measured band structures of BagM,S,3 (M = Nb, Ta)
are depicted in Fig. 3. For BagNb;;Sg, two isotropic holelike
Fermi pockets centered at 2D BZ high-symmetry points I" and
K are identified [Figs. 3(a) and 3(b)]. In comparison, the band
structure of BagTa;;S,g exhibits distinct features [Figs. 3(d)
and 3(e)]. Instead of only one band existing near the Er for
BagNb;;Sys, two bands are visually evident for BagTa;Sss,
as indicated by the dashed lines in Figs. 3(b) and 3(e). As
a result, the Fermi surface around K clearly splits into two
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FIG. 2. DFT calculated band structures of BagNb;;S,g and
BagTa;S,g without SOC. (a) Band structure of BagNb;S,5. (b) Band
structure of BagNb;;S»g unfolded into the NbS, BZ. (c),(d) The same
as (a),(b), but for BagTa;;S,s.

circles, and the Fermi surfaces around T' show hexagonal-like
shapes instead of circular ones. These observed features are
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FIG. 3. In-plane band structures of BagNby;S,5 and BagTa;; Sos.
(a) ARPES intensity plots at Er for BagNby;S,s. The plot has been
integrated with a = 15 meV centered at Er. The red line represents
the TMD BZ, and the color scale shown is used in all other image
plots. (b) Band structure of BagNb;;S,s along the high-symmetry
momentum paths T—-K—M-T, as indicated by the blue line in (a).
The tight-binding calculated band structure is overlaid with a black
dotted line. (c) Tight-binding calculated band structure of monolayer
NbS, without SOC. (d)—(f) Equivalent to (a)—(c), but for BagTa;;Sss.
The band splitting due to SOC is depicted as blue and red dotted lines

in (f).

qualitatively in agreement with the results of monolayer NbS,
and TaS,. [18,19].

Based on previous DFT calculations, when the TMD ma-
terial is reduced to the monolayer limit, the bandwidth of the
S p. states decreases, and the band position shifts away from
the Er [10,37,41]. Consequently, for BagNb;;S,g, the Fermi
surfaces originate entirely from one electron band, which
exhibits out-of-plane Nb d_> character around T" and in-plane
Nb d,,/>_» character around K. To account for the electron
behavior similar to monolayers, a three-band third-nearest-
neighbor tight-binding model with the Nb/Ta orbital basis
of (dp, dyy, d_y) was utilized [41]. The fitted dispersion
is shown in Fig. 3(c), and the corresponding parameters are
listed in Table I. For BagTa;;S,5, SOC needs to be intro-
duced into the tight-binding model to describe the splitting
of the band [Fig. 3(f)]. The reconstructed tight-binding band
structures agree quantitatively well with our measurements in
band dispersion and Fermi surface topology, suggesting that
the block layers have less impact on the band structure of the
TMD layer.

TABLE I. Tight-binding parameters (in eV) obtained through
fitting the measured band structure. The specific algorithms and
notations follow Ref. [41]. Initial numerical values for the fit were
sourced from Refs. [46,47]. €; and €, denote the on-site energy for
da and d,2_ 2 /d,y orbitals, respectively. 7, r, u are nearest-neighbor,
next-nearest-neighbor, and third-nearest-neighbor hopping parame-
ters, respectively. A denotes the SOC strength.

Parameter Notation BagNb;;Syg BagTa Sy
On site € 0.9775 1.4466
€ 2.5438 1.8496
Nearest neighbor to —0.087 —0.256
1 0.4 0.2568
t 0.3339 0.405
t 0.1057 0.277
t 0.12 0.2787
tn 0.005 —0.087
Next-nearest neighbor ) 0.1124 0.0037
7| —0.02 —0.0997
) 0.11 0.0385
12 —0.0069 0.0986
Third-nearest neighbor U —0.0649 0.0685
u 0.0276 —0.0381
u —0.0301 0.0535
upy 0.1572 0.0601
uxn —0.0082 —0.0425
Spin-orbital coupling A 0 0.12

The insertion of the BazMSs block layer reduces the in-
terlayer coupling and makes the band structure more two
dimensional. Figure 4 presents the photon-energy (hv) depen-
dence of the band structure for both BagM;;S,3 (M = Nb,
Ta). From the intensity map at the Er in the hv—k; plane, the
Fermi momenta show no variation over a wide range of photon
energies, spanning several Brillouin zones along k, [Figs. 4(a)
and 4(c)]. Figures 4(b) and 4(d) show the energy-momentum
(E—k) intensity maps at several typical photon energies. The
band dispersion near the Er remains the same and is in good
agreement with the tight-binding calculations. Notably, along
the T-K direction, the band splitting is not discernible in
BagNb,;Sys [Fig. 4(b)] and the band clearly splits into two
branches in BagTa;;Sys [Fig. 4(d)]. In BagTa;;Syg, the two
branches still show no k, dependence with variations in pho-
ton energy [Figs. 4(e) and 4(f)]. All these features indicate the
2D electron behavior in BagNb;;S,g and BagTa ;Sos.

We estimated the charge carrier density in BagNb;;S,g and
BagTa;;Syg by calculating their Fermi surface volumes. By
measuring the areas of the two holelike Fermi surfaces located
at T and K in BagNb;;S,s, as well as the corresponding spin-
split Fermi surfaces in BagTa;;S,g, we extracted the carrier
intensities of these systems. The volume ratios of the hole
Fermi surfaces to the Brillouin zone are approximately 22.5%
for BagNb;1S,3 and around 29.1% for BagTa;1S,g. This
corresponds to approximately 1.55 electrons per NbS, and
1.42 electrons per TaS,, respectively. In comparison to bulk
MS,, each M'S; accepts approximately 0.55 (about 5/9) elec-
tron for NbS, and around 0.42 (about 4/9) electron for TaS,.
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FIG. 4. Out-of-plane band structures of BagNb,;S,5 and BagTa;;Sys. (a) Photon-energy-dependent ARPES intensity of BagNb;;Sys at Er
along the T-K direction. Plot has been integrated with £15 meV centered at Er, and the color scale shown is used in all other image plots.
(b) Band structure plots of BagNb,;S,s along T'-K collected at various photon energies. (c),(d) Equivalent to (a),(b), but for BagTa;;Ss. The
purple line in (d9) indicates the momentum location of the energy distribution curves (EDCs) shown in (e). (e) Stacks of EDCs taken at the
point of maximum band splitting. (f) Corresponding second-derivative plots of (d).

In a unit cell of BagM;S,g, there exist nine MS, and two
BasMSs. Thus, the block layer BasMSs transfers 5 elec-
trons to the NbS, layer and 4 electrons to the TaS, layer,
respectively.

IV. DISCUSSION

It is common that bulk TMD materials with a 2H structure
exhibit superconductivity and CDW [1]. With a double-layer
structure and interlayer coupling, bulk 2H-MX, (M = Nb,
Ta, and X = S, Se) displays double-walled Fermi surface
contours around the T and K points [4,39,42,43]. In the
monolayer limit (with a 1H structure), only a single band
with no obvious band splitting was observed in monolayer
NbS,/Au(111) [18]. ARPES experiments have shown that
the monolayer TaS,/Au(111) exhibits a band splitting caused
by SOC, leading to the breaking of spin degeneracy [19].
However, a side effect of a monolayer TMD on top of a metal-
lic substrate Au(111) is the strong hybridization between the

TMD and substrate. This hybridization creates a “pseudodop-
ing” effect, where the substrate significantly influences the
band structure of the monolayer, even without obvious charge
transfer [24]. Here, the band structures of the intercalated
BagM ;1 Sog (M = Nb, Ta) around the E are entirely attributed
to the MS, layer, which is consistent with the monolayer
results calculated by DFT [15,37,41]. In the vicinity of EF,
there is no electron state from the block layer. Furthermore,
photon-energy-dependent measurements reveal that the band
exhibits negligible variation along the k, direction, indicating
that BagM;S,s possesses quasi-2D band structures.

Recent studies have shown that a 2D band structure could
be achieved by a natural van der Waals superlattice [44,45].
By inserting ionic liquid or a block layer into bulk 2H-NbSe,,
the interlayer coupling of the TMD layer can be reduced.
With intercalations, the p, orbital of chalcogens shifts away
from the Er. The system transfers from a 2H structure with
3D characteristics to a 1H structure with more 2D-like fea-
tures. In BagM;; S8, the TMD layer and the block layer are
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coupled by weak van der Waals interactions. The interlayer
interaction between TMD layers becomes negligible because
of the insertion of the block layer and large separation along
the ¢ axis. Although the intercalated block layer has a larger
unit cell or superstructure, its impact on the band structure
of the TMD layer would be suppressed due to the weak
coupling between the TMD and block layers. Furthermore,
any disorder or sample defects in the block layer further rein-
forces this suppression, and make the zone folding effect less
observable. Therefore, we propose that BagM|; S, is an ideal
candidate for hosting a 2D electron gas in a three-dimensional
crystal.

In comparison with monolayers grown on metallic sub-
strates, the crystal structure of a van der Waals superlattice
could offer higher crystal quality and better stability. Bulk
2H-NbS, exhibits a superconductivity transition with 7; at
around 6 K [21,48]. When it is artificially exfoliated to the
monolayer, the superconductivity vanishes [13,14]. The sup-
pression of superconductivity in monolayer NbS, is explained
by the disorder resulting from the incorporation of atmo-
spheric oxygen [13]. In BagNb;;Sys, the NbS, layers are
protected by the block layers. A superconducting transition
temperature of 7. ~ 0.82 K is observed [25]. This T value
can be regarded as a reasonable extrapolation of 7; with a
decrease in layer thickness. Meanwhile, the superconductivity
transition temperature (zero resistance temperature) increases
from 7. < 1 K for the bulk TaS, to about 2 K with the reduc-
tion of thickness [15,16,23,49,50]. In BagTa;;S»g, under the
protection provided by the block layer, the transition temper-
ature further increases to 2.6 K [51].

The absence of inversion symmetry in monolayer MX,
results in a significant spin-orbit splitting of the states at
the K valleys and their inversion partner K' [3,52]. Due to
the combination of SOC and broken inversion symmetry, the
spins near K and K align to be antiparallel along the out-of-
plane direction. This gives rise to a noteworthy phenomenon
known as Ising superconductivity, whose superconducting
phase survives in the presence of an in-plane magnetic
field that considerably exceeds the Pauli limit [52]. Spin-
valley locking has been observed in bulk 2H-NbSe, and the

monolayer NbSe, has been identified as an Ising superconduc-
tor [4,9,53-55]. The large splitting of the band in BagTa;; Sy
and the small band splitting in BagNb;S,g suggest a stronger
SOC with Ta than Nb, making BagTa;;S,g an ideal candidate
for spin-locking-related phenomena.

V. SUMMARY

In summary, we present an investigation of the elec-
tronic structure of the natural van der Waals superlattices
BagNb;S,5 and BagTa;S,5. The band structure of these com-
pounds exhibits significant similarities to that of monolayer
TMDs. Photon-energy-dependent measurements show almost
no dispersion in the out-of-plane direction. These findings
suggest that the intercalated block layers can effectively dis-
rupt the interlayer coupling between adjacent TMD layers.
Clear band splitting is observed only in BagTa;;S;s, and it
is not strong in BagNb;S;g. This splitting is attributed to
the stronger SOC of Ta compared to Nb. Consequently, our
findings suggest that BagM|;S,s (M = Nb, Ta) can serve as
a valuable tool for tailoring dimensionality and investigating
low-dimensional physics.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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