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ABSTRACT

With the successes of van der Waals heterostructures in unveiling exotic quantum states and enabling applications, direct

fabrication of 2D superlattices beyond bulk limits is appealing. We realize an unprecedented 2D Kondo superlattice, Ta-NbS,,

consisting of two coupled metallic IH-NbS, monolayers intercalated with growth-controlled periodic Ta sublattices. One-step

CVD enables tunable periodicities, yielding three Ta-moment motifs: bulk-like simple triangular geometry of \/g ax \/§ a (Type
I), 2D spin-frustrated 4ax4a (Type II), and 2D saturated 3\/5 ax34/3a (Type III). Beyond the logarithmic resistance upturn at
Kondo temperature (T ), we observe anomalous Hall effect evolution from single-impurity to coherent Kondo regimes, reflecting

collective Ta-Kondo sublattice interactions. Carrier density modulation tunes the balance between Kondo screening and RKKY

interactions, establishing 2D bilayer Ta-NbS, as an ultra-tunable 2D Kondo superlattice for correlated quantum phenomena, with

potential applications in spintronics and quantum devices.

1 | Introduction

The remarkable variety and tunable nature of 2D materials
have raised enormous research activities across interdisciplinary
scientific domains [1-4]. Interest in the coherence effects of 2D
superlattices is recently soaring, by engineering periodic modu-
lations of diverse modifiable properties that superimpose upon
the parent lattice [5]. Recent advancements unfold the structural
construction and electronic property modulation of superlattices
using methods such as moiré patterns [6, 7], twist stacking [8-10],

and intercalation [11-14]. Highly tunable quantum states such as
superconductivity and the anomalous quantum Hall effects, as
observed in magic-angle graphene [1, 2, 4], exemplify the great
potential of 2D superlattices. However, these bilayer moiré super-
lattices typically have rather weak van der Waals (vdW) interlayer
interaction, while promoting direct charge exchange and orbital
hybridization between heterogenous atomic layers are expected
to transform the intrinsic structures and interlayer forces from
weak vdW interactions to strong ionic or covalent bonds [15],
and thus, create exotic quantum phases beyond the conventional
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superlattice paradigm. Intercalation stands out as a promising
method for exploring unconventional strongly-coupled bilayer
superlattices by introducing foreign atoms into the vdW gaps, pro-
viding unlimited possibilities to unlock previously unattainable
properties in conductivity, optics, and magnetism by exploiting
effects. Pioneering examples, such as heterodimensional VS,-
VS superlattice chains [12], Cr,Te, superlattices [16], monolayer
phosphorene molecular superlattices [13], 2D self-intercalation
TaS, [11], and cation-exchange magnetic intercalation super-
lattices [14], have emerged as unprecedented platforms for
discovering quantum states in 2D superstructures.

By introducing intercalation foreign atoms, it may give rise to the
Kondo effect—a complex quantum phenomenon that emerges
due to many-body interactions between itinerant electrons and
localized magnetic moments. Originally observed in diluted mag-
netic systems [17], the Kondo effect has recently regained intense
research interests by introducing dimensionality control, which
allows drastic modifications of the Kondo cloud’s length and fine
tuning of the intriguing interplay between the Kondo screening,
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, and
the inherent spin-orbit coupling parameters, etc [18]. In the
context of 2D materials, it has primarily been associated with
disorder-induced defects [19, 20] or interstitial magnetic atoms
[21, 22]. Intriguingly, localized magnetic moments in a Kondo
system can have indirect exchange coupling via conduction
electrons by transferring spin polarization over long distances,
a phenomenon known as the Ruderman-Kittel-Kasuya-Yosida
interaction [23]. In Kondo systems, the RKKY interaction plays
a significant role in shaping the electronic structures as well as
the magnetic properties, as a result of the competition between
the Kondo screening of localized magnetic moments and the
long-range RKKY interaction. More importantly, many emergent
quantum phenomena in strongly correlated electron physics,
especially in heavy fermion metals, such as unconventional
superconductivity or quantum critical behavior, are attributed
to competing RKKY interactions and Kondo physics [24]. By
further enforcing dimensionality control, quantum confinement
is expecting to drastically change the interplay between the RKKY
and Kondo screening mechanisms [18, 25], which in the 2D limit
also becomes highly tunable by external forces. Although vdW
superlattices have been extensively studied in recent years, 2D
Kondo systems with fully controllable periodic superlattices of
magnetically frustrated local moments are yet to be reported.
Here, we will show a viable strategy of hetero-intercalated bilayer
superlattices for studying the rich Kondo physics in the 2D limit.

2 | Results
2.1 | Hetero-Intercalated Bilayer Superlattices in
Ta-NbS,

In 1980, S. S. P. Parkin and R. H. Friend first discussed intercala-
tion studies of bulk NbS, and TaS, by chemical vapor transport
(CVT). They found that various 3d magnetic elements (V, Cr, Mn,
Fe, Co, Ni) can be induced into these two parent compounds
and produce new compounds with different magnetic behaviors
and superlattice structures [26, 27]. To date, a variety of studies
have reported the intercalation behavior of TaS, and NbS,
[11, 21, 28-30]. However, the physical properties of 3d-intercalated

NbS, and TaS, in the 2D limit, which are potentially novel 2D
systems with strong interlayer coupling, has rarely been reported
[31]. Equally important, the mutual integration or hybridization
of these two inherently intercalating systems remains unex-
plored. This intriguing gap motivates us to investigate NbS,-TaS,
hybrid systems, aiming to construct novel vdw intercalated het-
erostructures with potentially emergent magnetic and electronic
functionalities.

The Ta-NbS, superlattices were synthesized via a one-step molten
salt-assisted chemical vapor deposition method using Ta,Os and
Nb,Os as metal precursors (Figure S1). Optical microscopy reveals
that the resulting domains predominantly exhibit triangular
shapes, consistent with the intrinsic hexagonal symmetry of the
parent materials (Figure 1a). Most remarkably, the as-synthesized
Ta-NbS, superlattices through mixed precursor powders exhibit
a pronounced thickness selectivity. Based on comprehensive
thickness measurements and statistical analyses across differ-
ent precursor ratios, our growth method shows a consistent
preference for bilayer formation. In contrast, monolayer NbS,
is obtained under identical growth conditions in the absence
of Ta,0; (Figure 1b). The preferential formation of a bilayer
configuration is presumably due to the self-limiting growth [32],
which also facilitates atomic structural interpretation. Based
on our observations, the intercalation process likely occurs
subsequent to the formation of the bottom NbS, monolayer,
accompanying the deposition of the second NbS, layer (Figure
S2). Notably, this intercalation is confined to bilayer samples;
Raman mapping of thicker regions confirms the absence of Ta
incorporation. (Figure S3). Our method is highly reproducible
in synthesizing different types of Ta-NbS, superlattices, and the
detailed growth parameters are summarized in Table S1. Large-
area optical microscopy and atomic force microscopy (AFM)
measurements are shown in Figures S4 and S5.

Due to Ta intercalation, the Raman spectra exhibit pronounced
deviations from those of the parent NbS,. A distinct peak at
172 cm™! emerges at a Ta:Nb molar ratio of 1:4 (Figure 1c) that
is absent in either pristine NbS, or TaS, (Figure S6), indicating
the formation of new long-range ordering. As the Ta content
increases, additional vibrational modes appear, reflecting the
development of increasingly complex superlattice structures. At
a ratio of 1:2.5, the 172 cm™! mode broadens, and four new peaks
emerge at 338, 376, 411, and 431 cm™!. Further increasing the ratio
to 1:2 yields additional weak modes in the 50-200 cm™' range
and a near-uniform intensity across the main peaks. Notably,
the consistent formation of bilayer-thick superlattices across
compositions, together with the well-defined Raman signatures,
provides a robust platform for correlating structural modulation
with device performance.

Figure 1d shows a scanning transmission electron microscopy
(STEM) image acquired from the edge region of the bilayer
sample, with the experimental details provided in Figure S7. The
monolayer in Figure 1d corresponds to the 1H structure of NbS,,
while the bilayer region exhibits the AB’ stacking configuration of
Ta-NbS,. The corresponding fast Fourier transform (FFT) image,
shown in Figure le, clearly reveals the emergence of a new
periodicity in bilayer Ta-NbS, distinct from the monolayer 1H-
NbS,, i.e., the occurrence of a superlattice. Figure 1f presents
a magnified view of the monolayer, where Nb and S atoms
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FIGURE 1 | Hetero-intercalation superlattices in Ta-NbS,. (a) Optical image of Ta-NbS, superlattice flakes. (b) Thickness statistics of samples
synthesized under different precursor ratios, showing a predominant bilayer configuration. (c¢) Raman spectrum of Ta-NbS, at different intercalation
concentrations, exhibiting distinct Raman vibrational modes. (d-g) HAADF-STEM images of monolayer NbS, and bilayer Ta-NbS,, showing a
monolayer-bilayer contrast (d), the emergence of new periodicity in the FFT of the bilayer (e), the 1H structure of NbS, (f), and the AB’ stacking of
bilayer Ta-NbS, (g). (h) Cross- sectional STEM image of intercalation-grown 1L NbS,/intercalated Ta /1L NbS,, closely matching the overlaid atomic
model. (i) Energy dispersion spectrum of Cross- sectional sample, including three kinds of elements: Ta, Nb, and S. Scale bars: (a) 10um; (b) 1 um;
(d) 2nm; (f,g) 0.3nm; (h) Inm.

form hexagonal rings with alternating contrast. In stark contrast,
Figure 1g displays an enlarged view of the bilayer superlattice,
where the brighter spots denote the AB’ stacking Nb matrix,
surrounded by dimmer spots of overlapping S columns, highly
consistent with the contrast simulation (Figure S8).

To further substantiate the intercalated structure of Ta-NbS,
bilayer superlattice, we utilized focused ion beam (FIB) to prepare
cross-section samples (experimental details in Figure S9). In

Figure 1h, a distinct intercalated atomic layer is clearly visible,
with the up and down layers arranged in an anti-parallel manner,
consistent with the structural characteristics of the AB’ stacking
configuration. Due to this unique stacking configuration, the
inserted Ta atoms in the vdW gap form covalent bonds with six
nearest neighboring sulfur atoms, producing an octahedral 1T-
intercalation structure that is crucial for activating the Kondo
physics. In the cross-sectional image, due to the higher abun-
dance of niobium compared to the intercalated Ta, the contrast
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of Nb is noticeably stronger than that of Ta. Figure 1i represents
the energy dispersive X-ray spectroscopy (EDS) spectrum of the
cross-sectional STEM image. It is distinctive that only the Ta peak
presents at the middle region, providing unambiguous evidence
for the presence of uniform heterogeneous intercalation.

2.2 | Tunable Superlattice Structures Revealed by
Atomic Characterization

The Ta intercalation ratio-dependent evolution in the Raman
vibrational modes indicates that bilayer Ta-NbS, forms different
superlattices with distinct Ta sublattice periodicities. Indeed, we
have confirmed three types of bilayer superlattices associated
with the aforementioned three characteristic Raman spectra.
First, the Type I Ta-NbS, superlattice is characterized by the
simple triangular intercalation bright spots observed in Figure 2a,
with a stoichiometry of Ta,Nb,S,,. In this superlattice, Ta atoms
occupy the corners of the supercell, forming a hexagonal supercell
lattice of \/ga, as illustrated in Figure 2d. By accommodating
more interlayer Ta atoms, Type II superlattice emerges as shown
in Figure 2b, where intercalated Ta atoms form a much-enlarged
hexagonal supercell of Ta;,Nbs,S¢, (4ax4a), consisting of four
single Ta vertices enclosing two mirror-symmetric trimeric Ta-
clusters. As shown in Figure 2e,h, for the Type II supercell,
the vertex Ta atoms retain the \/ga spacing from the nearest
neighbouring Ta, while three Ta atoms within each trimer unit
are close packed by sharing three pairs of 1T-TaS, octahedron
edges. Such a unique vertex-trimer arrangement causes a four-
fold expansion of the original NbS, lattice and produces the
4ax4a superlattice, in which the vertex “triangular” superlattice
diffraction spots are clearly visible in the FFT analyses. Relevant
atomic simulation images are provided in Figure S10, which
show excellent consistence with the experimental data. The
formation of the close-packing Ta trimers is also reflected in the
Raman spectrum at Type II concentration (Figure 1c), which
leads to an increased complexity of vibrational modes owing
to the closer proximity and direct interactions among the Ta
atoms. The emergence of distinctive trimeric intercalation units
in Type II Ta-NbS, superlattice modifies the exchange interaction
landscape.

Figure 2c represents the third superlattice structure with the
highest Ta intercalation concentration, named the Type III Ta-
NbS, superlattice. In this 2D saturation limit, all the intercalated
Ta atoms form close-packed trimers, causing the supercell lattice
to further expand to 3 \/ga X3 \/ga and a chemical stoichiometry
of Ta;,Nbs,S,ys. (Figure 2i) Interestingly, the minimum inter-
trimer spacing also remains constant \/ga, i.e. the nearest
neighbouring non-close-packed Ta atoms are separated by two
S columns. The complexity of this new periodicity is reflected
in the corresponding FFT in Figure 2f, where additional super-
lattice diffraction spots show up. Due to the close packing
trimer structure, the many-body interaction in Type III Ta-
NbS, superlattice may become prevailed by the spin frustration
effect of the Ta-trimers, a long-sought frustrated Kondo triangle
system by various theoretical models [33-35]. The simulated
diffraction patterns based on these superlattice models match
well with the experiments (Figure S11). As shown in Figure
S12, the atomic-scale lattice structures of the superlattices over a

~25 nm range demonstrate good translational symmetry. Raman
mapping of the three superlattices further confirms uniformity
on the micrometer scale (Figure S13). It is worth noting that the
sparse trimers in the Type I lattice can be treated as dilute defect-
like impurities, with negligible impact on the overall transport
behavior. In addition, the intermediate state between Type I and
Type II, which contains a higher density of trimers, exhibits
distinct Raman features with a domain-like mixture of Type I and
Type II superlattice, enabling clear identification (Figure S14).
Note that both Type I and Type II exhibit C, symmetry, whereas
Type III displays C; symmetry (Figure S15).

Although octahedral crystal field is allowed for three different
bilayer stacking orders of AB’, AB, and AA’ [36], all three types
of Ta-NbS, superlattices only exist in the AB’ stacked bilayer
structure of NbS,, while no intercalation is observed in the
AA’ stacking (Figure S16) and only short-range \/ga periodicity
of Ta intercalation can be found in the AB stacking regions
(Figure S17). On the other hand, without well-defined octahedral
crystal field sites, twisted NbS, bilayers also cannot accommodate
Ta intercalation (Figure S18). Unlike AB and AA’ bilayer, AB’
stacking provides a highly symmetric coordination, wherein the
Nb atoms of the top and bottom NbS, monolayers are positioned
directly on each other. Such an energetically favorable envi-
ronment promotes highly efficient intercalation and stabilizes
the intercalated phase [29]. As an illuminating example, we
show a Ta-NbS, bilayer with stacking order transitions from AB’
to twisted structures (a stacking angle of 22°), separated by a
transition zone of ~20 nm wide. Accordingly, changes in the
stacking orders produce three distinctive Ta intercalation regimes
from an ordered superlattice in the AB’ regime, disordered
intercalations in the transition zone, and no intercalations in
the twisted regime, respectively (Figure S18). We thus infer that
the balanced octahedron crystal field with minimal structural
distortion of the AB’-NbS, bilayer phase is the key to realize
the ordered intercalation superlattice. Equally important, unlike
the conventional intercalation process, the superlattice formation
with well-defined translational symmetry should be driven by
thermodynamics, which occurs synchronously during the bilayer
crystal growth.

Indeed, the experimentally observed Ta intercalation behavior
in Ta,Nb,S,, (0 < x < 1/2y) is further corroborated by density
functional theory (DFT) calculations, by evaluating the formation
enthalpies (AH) of various intercalated structures at represen-
tative compositions (Figure S19). The results are summarized
in a AH vs Ta concentration ratio (defined by Np:Nj,\, =
2x/y) diagram (Figure 2j), referenced to decomposition into
elemental Ta and pristine NbS, while the non-intercalated bilayer
NbS, serves as the zero-energy baseline. For Np,:N;,y, < 0.33,
the intercalated Ta atoms favor singly dispersed configurations,
without sharing 1T-TaS; octahedron edges. By further increasing
the intercalation concentration, Ta atoms begin aggregating into
close-packed trimeric units located at the energy minimums of
the convex hull of the AH vs Ta concentration curve, including
the experimentally observed Type II and Type III superlattices
at Np,:Nj,n, = 0.438 and 0.44, respectively. The thermodynamic
stability of Ta trimers is attributed to enhanced in-plane orbital
interactions and increased electronic delocalization, which con-
currently stabilize the Ta—Ta bonding and reduce the density of
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FIGURE 2 | Structure-associated superlattice formed by hetero-intercalated Ta atoms. (a—c) Atomic-resolution STEM-HAADF images of hetero-

intercalated Ta-NbS,, including concentrations of (a)Type I, (b) Type II, and (c) Type III Ta intercalated NbS,. (d-f) Left, enlarged STEM images of the
regions marked by white boxes in (a-c), along with the corresponding atomic structure models, which clearly exhibit the \/§a>< \/ga, 4ax4a, 3 \/5 ax3 \/g
a superstructure, respectively. Right, the corresponding FFT patterns. (g-i) Atomic structure models of the three corresponding superlattices. The inset
of (i) shows a close-packed arrangement of trimeric units with octahedral edge sharing. (j) The convex hull diagram of hetero-intercalated Ta-NbS,,
where purple spheres mark the formation energies of three superlattices. (k) Density of states of Ta-NbS,, with the magnetic moment originating from

the intercalated Ta atoms. Scale bars: (a—c) 2nm; (d-f) 0.5nm.

destabilizing states near the Fermi level compared to the singly
dispersed configuration (Figure S20).

Theoretically, the direct consequence of the formation of 1T-
TaS, octahedrons at the bilayer vdW gap is the emergence
of localized Ta magnetic moments on the intercalation sites.
These moments are predominantly associated with the Ta 5d
orbitals, as revealed by the spin-resolved and orbital-projected
band structures in Figure 2k and Figure S21. The local magnetic
moments exhibit distinct magnetic configurations. In the Type I
singly dispersed configuration, the intercalated Ta atoms exhibit
long-range ferromagnetic ordering as controlled by the RKKY
interaction, which is consistent with previous results [11]. For
higher intercalation concentrations that are not feasible in the

bulk limit, the trimer configuration favors short-range in-plane
magnetic ordering as a result of prevailing superexchange inter-
actions within individual trimers [37]. Interestingly, DFT deduces
various in-plane magnetic configurations for the Type II and
Type Il superlattices, including representative clockwise rotation
patterns and in-out alignment modes, which are schematically
illustrated by arrows in Figures S22 and S23.

2.3 | Quantum Transport Characteristics of the
Ta-NbS, Bilayer Superlattices

To evince the unconventional magnetic ordering of interca-
lated Ta atoms, we further explore the temperature (T)- and
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FIGURE 3 |
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Electrical Transport Characteristics of Ta intercalated NbS,. (a) Optical microscopy image of a Ta-NbS, Hall bar device. Scale bar: 2um.

(b) Resistance as a function of temperature for three different Ta superlattice periodicities. The inset illustrates the clear deviation from the simple Kondo

impurity model. (c) Logarithmic low-temperature-dependent resistance under different magnetic fields. (d) Out-of-plane magnetoresistance at different
temperatures. (e) Magnetoresistance measured at different angles between the magnetic field and the sample plane (0° in-plane, 90° out-of-plane, as
illustrated in the inset). Panels (c-e) show data from two distinct superlattice types: ¢ from Type I and (d-e) from Type II. (f~-h) Anomalous Hall effect
signals for Type I (), Type II (g), and Type III (h) Ta-NbS, superlattices, where the AHE is predominantly attributed to skew scattering.

angle-dependent magneto-transport properties of different types
of Ta-NbS, bilayer superlattices. We measured the aforemen-
tioned superlattice samples utilizing the Hall-bar device geom-
etry, as shown in Figure 3a, which are prepared by dry trans-
ferring followed by standard electron beam lithography (detailed
damage-free transfer procedures from the growth mica substrate
to the targeting silicon wafer can be found in the Methods
section). Figure 3b compares the T-dependent longitudinal resis-
tance (R,,) of three types of Ta-NbS, bilayer superlattices. As
illustrated in the insets, all three types of superlattice con-
figurations exhibit pronounced logarithmic R,, upturns below
60 K, hallmarking the onset of the Kondo effect [17]. As shown
in Figure 3c, the resistivity upturn is suppressed by a strong
magnetic field, suggesting two possible physical origins from
the Kondo effect or weak localization. In contrast, electron-
electron interaction-induced upturns are typically insensitive to
magnetic fields. To exclude the weak localization contributions,
we carried out magnetoresistance measurements with both in-

plane (B) and out-of-plane (B, ) magnetic field configurations.
As summarized in Figure 3d,e, the results consistently exhibit
negative magnetoresistance (NMR) behavior in the Ta-NbS,
samples, providing decisive evidence on ruling out any potential
correlation between the observed R, upturns and weak localiza-
tion [38]. The quantum transport data are also consistent with
the theoretical prediction that hetero-intercalated Ta introduces
localized magnetic moments rooted in the 1T-TaS, octahedron
crystal field (Figure 2k).

The prevalent Kondo effect in these Ta-NbS, bilayer superlattices
can be consistently explained by the distinct prismatic and
octahedron crystal field environments for Nb and Ta ions, respec-
tively, when the highly symmetric AB’ stacking configuration
between two 1H-NbS, monolayers creates a unique 1T-type vdW
cage for hetero-intercalating Ta atoms. The resulting crystal
fields of TaS, octahedrons effectively isolate Ta ions from the
metallic energy bands of 1H-NbS,, creating localized Ta** mag-
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netic momentum of S = 1/2. For three different superlattices in
Figure 3b, we readily fit the R,-T curves with the single-impurity
Kondo model [39, 40]:

o(T)=py+qT? +pg 41 —1In (1> [ln2 <l> +S(S+ 1)71'2] ’
Tk Tk
@
in which p, represents the residual resistivity, g accounts for the
Fermi liquid contributions, T is the Kondo screening onset tem-
perature, and S is the spin of the scattering magnetic momentum
(see Methods for detailed fitting procedures). Agreeing with the
DFT calculations, as illustrated in Figure S24, the best-fitting
results for all three types of Ta-NbS, superlattices yield a spin
state of S = 1/2, confirming the existence of local Ta**-magnetic
moments associated with the TaS, octahedrons. The extracted S
= 1/2 spin suggests the formation of Kondo magnetic impurities
in all these Ta intercalated superlattices, which explains the
underlying microscopic mechanism of the Kondo effect in Ta-
NbS, bilayer superlattices (see Figure S25 for comparisons of the
single-impurity Kondo model fitting with different values of S).

It is worth noting that the experimental data in Figure 3b
exhibit discernible deviation from the single-impurity Kondo
model at temperatures below 10 K, suggesting the emergence
of non-negligible collective behavior of Kondo Ta** ions. Such
a collective Kondo phenomenon can be mediated by the RKKY
interaction of conduction electrons, i.e. coherent Kondo scatter-
ing [41], or more intriguingly, manifests the indirect exchange
coupling between localized magnetic moments within the Kondo
triangles [33-35]. We resort the anomalous Hall effect to probe the
quantum signatures of the unconventional Kondo mechanism.
As shown in Figure 3f-h and Figure S26 (in-plane B), for all three
types of Ta-NbS, superlattices, the extracted AHE conductivity
signals nyH are robust below Ty and become saturated for high B
setpoints (see Figure S27 for the extraction of AHE from the linear
Hall backgrounds). The apparent T-dependence of ogy’, which
vanishes when approaching Ty, correlates the AHE signals to the
skew scattering mechanism. However, as shown in Figure 3g, a
detailed analysis reveals that, below 10 K, the AHE conductivity
of the Type II sample S11 does not exhibit a monotonic increase,
which is typical for a dilute Kondo system with incoherent skew
scattering. Conspicuously, the T-dependent AHE of S11 reaches
a saturation value below 6 K, deviating from the paramagnetic
Curie-Weiss limit (see Methods for fitting details). Considering
the coexistence of singly dispersed and close-packed trimeric Ta
in the Type II superlattice, such a notable deviation suggests the
emergence of unconventional Kondo physics beyond the Kondo
singlet limit [39, 40].

2.4 | Tunable AHE in Different Ta-NbS, Bilayer
Kondo Superlattices

As illustrated in Figure 4a, in the single-impurity Kondo model,
each local spin moment is individually screened by itinerant
electrons to form Kondo singlets, which further form long-range
indirect exchange coupling via the RKKY interactions. Utilizing
T-dependent AHE, we get insights into the interplay between
Kondo screening and the RKKY coupling, characterized by a pro-
nounced transition from incoherent to coherent skew scattering

that produces a o4’ maximum at a coherence temperature T,
[41]. For a typical Kondo singlet system, T, is closely correlated
to the carrier density, which regulates the Kondo screening
for quenching the local magnetic moment fluctuations, and
the RKKY coupling strength to mediate the Ta-sublattice band
formation [42-44]. In Figure 4c, we compared two representative
Type I samples with an order of magnitude difference in the hole
concentrations, namely S7 (9.0 x 10" cm~2) and SI2 (7.6 x 10"
cm™2), respectively. With the same superlattice, the T-dependent
evolution in afj’ of S7 follows the Curie-Weiss curve well, while
S12 exhibits a distinctive incoherent-to-coherent transition at
around 4 K.

By forming the close-packed Ta trimers, as schemed in Figure 4b,
we introduce another tunable parameter of short-range antiferro-
magnetic coupling Jy; between the close-packed TaS, octahedron
trimers, realizing the long-sought Kondo triangle model with
inherent spin frustration [33-35]. In Figure 4d, we show two
representative Ta-NbS, bilayer samples for Type II (S11) and
Type III (S13) superlattices, respectively. As evident by the robust
oy, the close-packed Ta trimers are effectively screened by
the 4d-conduction bands of the NbS, bilayer. Noticeably, the
Type III superlattice (S13) follows the Curie-Weiss law very well,
suggesting that Ta magnetic moments within different close-
packed trimers are individually Kondo screened [39, 40], rather
than prevailed by mutual entanglement to form a frustrated
Kondo ground state [41]. Equally important, by increasing the Ta-
intercalation density, we can see a clear trend of increasing Tk
(Figures 3,b, and 4c), further confirming that the AHE measure-
ments are in the Kondo singlet limit. To see the unconventional
Kondo ground state, which requires Tx/Jy < 1, an efficient
strategy is to reduce the conduction carrier density. Interestingly,
with increased Ta intercalation, which are essentially electron
donors to the hosting NbS, bilayer, the hole concentrations of
Ta-NbS, superlattices show a systematic decrease (Table S2),
providing a viable way for the further study of hetero-intercalated
NbS, bilayer superlattices with well-controlled Ty /Jy ratios.

3 | Conclusion

In conclusion, we have experimentally demonstrated a viable
hetero-intercalation strategy to directly synthesize 2D bilayer
superlattices beyond the bulk thermodynamic limit, with long-
range frustrated magnetic ordering as well as well-defined
supercell parameters and symmetries. Utilizing DFT calculations
and quantum transport measurements, we reveal that the two
2D Ta-NbS, bilayer superlattices with close-packed Ta trimers
provide the material realization of frustrated Kondo triangles for
exploring frustrated Kondo physics beyond the Landau Fermi
liquid paradigm. Our findings unequivocally show the great
promises of realizing unique 2D superlattices that is not feasible
by the bulk growth and mechanical-exfoliation methods.

4 | Methods
4.1 | Growth by CVD Method

The synthesis was carried out in a two-zone horizontal tube
furnace using a chemical vapor deposition (CVD) method. Sulfur
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conduction carrier density. (d) The saturated anomalous Hall signals at different temperatures, the dashed lines represent the fitting curves based on

the Curie-Weiss law, while the experimental data are marked with different shaped points.

powder (100 mg) was loaded into an alumina boat and placed in
the low-temperature zone of the furnace. Stoichiometric amounts
of Ta, 05, Nb,Os, and NaCl powders were thoroughly ground and
mixed, then transferred into a separate alumina boat positioned in
the high-temperature zone. The furnace temperature was ramped
at a rate of 40°C/min. When the high-temperature zone reached
400°C, the low-temperature zone was simultaneously heated to
180°C. The high-temperature zone was further heated to 700°C
and held at that temperature for 10 min. During the entire process,
a gas mixture of H, and Ar (30 sccm each) was continuously
flowed through the system. Prior to the growth, the quartz
tube was evacuated to a base pressure of 10~ mbar and then
refilled with high-purity Ar to ambient pressure. This purge-refill
cycle was repeated twice to ensure a clean growth atmosphere.
After the reaction, the furnace was opened, and the sample
was rapidly cooled to room temperature using forced convection
with a fan. The entire synthesis process of the superlattices
was conducted within a glovebox-integrated system, ensuring
that synthesis, characterization, and testing were all carried out
under an inert atmosphere, thereby preserving the intrinsic lattice
structure [45, 46].

4.2 | TEM Sample Preparation

The in-plane TEM specimen was prepared by a polymethyl
methacrylate (PMMA)-assisted transfer method. A 3 uL droplet

of PMMA solution was deposited onto the target area and baked
at 80°C for 15 min to accelerate solidification. Subsequently,
approximately 1 mL of deionized water was added around the
edges of the PMMA film to initiate delamination from the mica
substrate via surface tension. Additional water was supplied as
needed to prevent evaporation and ensure continuous detach-
ment. Once the PMMA film was fully separated, it was carefully
lifted with tweezers and transferred onto a gold TEM grid with
the carbon film facing upward. If alignment was suboptimal, a
small amount of water was applied between the PMMA and the
grid to assist with repositioning. Care was taken to keep the film
flat to ensure uniform contact. After confirming proper adhesion,
the sample was baked again at 80°C for 15 min to remove residual
moisture. The grid was then immersed in acetone for 2 h to
dissolve the PMMA, followed by rinsing in isopropanol (IPA)
to reduce residual organic contaminants. Finally, the TEM grid
was annealed in an ultra-high vacuum furnace at 320°C for 8 h
to eliminate remaining organics and improve surface cleanliness
for high-resolution TEM imaging. The transfer procedure onto a
silicon substrate followed the same steps described above, except
that the PMMA membrane was aligned and placed directly onto
the target region of a clean SiO, wafer instead of a TEM grid. Both
the 80 °C and 320°C heating steps used in the experiments do not
damage the samples.

The cross-sectional TEM specimen was fabricated using a
ThermoFisher Helios NanoLab 600i focused ion beam (FIB)
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system. Prior to FIB processing, a ~100 nm graphite capping
layer was transferred on the TaNbS flake within an N,-filled
glovebox to prevent environmental degradation and ion beam
imaging damage. Subsequently, a 1-1.5 um platinum-carbon
(Pt-C) protective layer was deposited over the graphite layer
to minimize ion beam-induced damage during milling. Cross-
sectional lamellae with an approximate thickness of 50 nm
were prepared along the direction perpendicular to the edge
following standard lift-out protocols. Final thinning and surface
damage removal were achieved through sequential Ga ion beam
polishing at progressively reduced acceleration voltages of 5
and 2 kV.

4.3 | Scanning Transmission Electron Microscopy

Atomic structure characterization and elemental analysis were
conducted using a FEI Titan Themis G2 double-aberration-
corrected TEM equipped with a high-sensitivity super EDS
detector. The accelerating voltage was set to 60 kV for in-
plane flakes and 300 kV for cross-sectional specimens. HAADF
imaging was performed with a collection angle ranging from 52
to 200 mrad, while the convergence semiangle was maintained
at 30 mrad for both operating voltages. The beam current was
optimized at approximately 30 pA for HAADF imaging and
increased to 200 pA for EDS chemical mapping.

4.4 | Fabrication of Ta-NbS, Superlattice Devices

Ta-NbS, is subsequently transferred onto a Si/SiO, (295nm)
substrate. Crystals with well-defined boundaries is chosen, and
electron lithography, followed by thermal evaporation (3 nm
Pd, 2nm Cr, and 35 nm Au), is employed to fabricate Hall
bar-shaped contacts. The devices were then measured in a
variable-temperature Cryogenic 9-T system using the standard
four-probe technique with SR830 lock-in amplifiers. Experimen-
tally, applying a gate voltage did not lead to a noticeable change in
resistance, due to the relatively high carrier density of the metal-
lic NbS, bilayer. The observed phenomenon is predominantly
attributed to the skew scattering of conduction electrons by the
localized Ta** ions. In these superlattices, the localized magnetic
moments generated by the intercalated Ta ions create asymmetric
scattering potentials, leading to preferential lateral deflection of
conduction electrons and the emergence of a transverse Hall
voltage.

4.5 | Single-Impurity Kondo Fitting of Ta-NbS,

To avoid over-parameterization, p, is predetermined by extending
the long-range linear portion in R-T curve to obtain the intercept,
and S is fixed based on previously assumed hypotheses.

4.6 | DFT Calculations

Density functional theory (DFT) calculations in this study were
performed using the Vienna Ab initio Simulation Package
(VASP) [47]. The exchange—-correlation interactions were treated
within the generalized gradient approximation (GGA) using

the Perdew-Burke-Ernzerhof (PBE) functional [48]. A plane-
wave energy cutoff of 500 eV was employed, and the k-point
sampling was chosen to ensure that the product of the lattice
constant and k-point density in each reciprocal lattice direction
exceeded 60 A. Structural relaxations were carried out until
the Hellmann-Feynman forces on each atom were less than
0.001 eV-A~1, and the electronic self-consistency criterion was set
to 107 eV.

For the construction of Ta-intercalated NbS, superlattices, Ta
atoms were inserted between two layers of the H-phase NbS,
monolayer. Various intercalation concentrations were simulated
by using NbS, supercells of different sizes and varying the number
of Ta atoms. A vacuum spacing of 20 A was added along the
out-of-plane direction to avoid spurious interactions between
periodic images. For spin-polarized calculations, the initial mag-
netic configuration was set such that the intercalated Ta atoms
were ferromagnetic, while the NbS, layers were initialized as
non-magnetic.
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