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Abstract

Natural van der Waals (vdW) materials offer a fertile ground for exploring
stacking-dependent physics analogous to moiré superlattices. In this study, we investigate
lightly Se-doped 4Hb-TaS, single crystals, which consist of alternating 1T and 1H layers.
Two types of crystals, S1 and S2, synthesized under identical growth conditions, exhibit
distinct crystalline structures and electronic states. While both retain the 4Hb framework,
S2 possesses a relative in-plane stacking shift between adjacent layers compared to S1. This
structural modification enhances the star-of-David charge-density-wave (CDW) transition
temperature from 315 K in S1 to 327 K in S2 and alters the interlayer CDW registry.
Crucially, S2 displays a rare nonlinear Hall response featuring two plateau-like
characteristics, starkly contrasting with the behavior observed in S1. A phenomenological
multiband analysis suggests that these plateau-like characteristics may be qualitatively
associated with electron—hole compensation in the transport response. Our findings establish
interlayer stacking as a potent tuning parameter for manipulating emergent electronic states

in natural vdW systems.
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1. Introduction



Layered van der Waals (vdW) materials provide an ideal platform for probing the interplay
between lattice and electronic degrees of freedom, giving rise to various collective quantum states
such as charge density waves (CDWs) and superconductivity.'*! In these structurally sensitive
systems, stacking serves as a pivotal parameter that governs interlayer coupling and the
low-energy electronic states, thereby modulating physical properties.” ! Such effects are
prominently demonstrated in twisted moiré two-dimensional systems, where minute variations in
the relative alignment between adjacent layers can induce strongly correlated electronic states and

. C e [8-10
unconventional superconductivity.!* %

Beyond artificially assembled structures, natural van der Waals heterostructures (vdWHs) offer

151 Since adjacent layers in

an intrinsic setting for exploring stacking-dependent phenomena.
these systems are primarily bound by weak vdW interactions, variations in their stacking
arrangements can directly tune their physical properties. 4Hb-TaS, is a representative natural
vdWH composed of alternating octahedral 1T-TaS, and trigonal 1H-TaS, layers along the

1% The 1T layers undergo a star-of-David CDW transition near 315 K, associated with

c-axis.
correlated electronic states. Conversely, the 1H layers are metallic, exhibiting a low-temperature
CDW order around 22 K and becoming superconducting near 3 K. The coexistence of structurally
and electronically distinct layers in 4Hb-TaS, has led to exotic physical phenomena, including

unconventional superconductivity, enigmatic magnetic memory, and topological edge states.!'’2*

Given that these emergent properties are intimately tied to interlayer coupling, they are
expected to be highly sensitive to the stacking arrangement. This raises a compelling question: can
a relative 1T/1H stacking shift modulate the low-energy electronic states while preserving the
fundamental 4Hb framework? To address this, we systematically investigated the physical
properties of lightly Se-doped 4Hb-TaS, single crystals using structural characterization and

transport measurements.
2. Methods

X-ray diffraction (XRD) measurements were performed using a SmartLab diffractometer with
Cu Ko radiation. Atomic-resolution high-angle annular dark-field (HAADF) and annular
bright-field scanning transmission electron microscopy (ABF-STEM) images were acquired using
a JEOL Grand ARM300 microscope operated at 300 kV at room temperature (~300 K).
Selected-area electron diffraction (SAED) patterns were acquired at room temperature (~300 K).
The chemical compositions were examined by energy-dispersive X-ray spectroscopy (EDS) using
a GeminiSEM 500 system. Electrical transport measurements were performed in the Physical
Property Measurement System (PPMS). Resistivity and magnetoresistance (MR) were measured
using a standard four-probe method with the current applied in the ab plane. Hall measurements
were carried out in a Hall bar geometry with the magnetic field swept from —14 T to +14 T along

the ¢ axis. The Hall resistivity (p.,) was obtained by antisymmetrizing the field-dependent data.



3. Results and Discussion
a) Crystal Growth and Structural Characterization

Two types of 4Hb-TaS,,Se, single crystals, denoted as S1 and S2, were obtained under
identical nominal growth conditions via the chemical vapor transport method using I, as the
transport agent. A polycrystalline precursor with a nominal molar ratio of Ta:S:Se = 1:1.98:0.02
was prepared by heating high-purity Ta, S, and Se powders in an evacuated quartz tube at 780 °C
for 5 days. The precursor was subsequently ground, mixed with I,, and sealed in a quartz tube. The
tube was placed in a two-zone furnace with the source and growth zones maintained at 780 °C and
680 °C, respectively, for 30 days. After quenching, plate-like single crystals with typical

dimensions of approximately 1 x 1.5 x 0.1 mm’ were obtained.

XRD patterns and HAADF-STEM images confirm that both S1 and S2 retain the fundamental
4Hb framework. Temperature-dependent single-crystal XRD measurements at 350 K and 300 K
reveal sharp (00/) reflections without discernible secondary phases, indicating high phase purity
for both types [Figs. 1(b) and 1(c)]. However, the (00!) reflections of S2 are systematically shifted
to lower 26 angles relative to those of S1 [Figs. 1(d) and 1(e)]. The extracted c-axis lattice
parameters at 300 K (350 K) are ~23.72 A (~23.70 A) for S1 and ~23.82 A (~23.79 A) for S2.
This indicates that while both types exhibit a slight c-axis expansion upon cooling across the
CDW transition, S2 maintains a larger c-axis parameter than S1 by approximately 0.1 A at both

temperatures.

To resolve this structural discrepancy at the atomic scale, HAADF-STEM was employed to
image the projected atomic columns of S1 and S2 along the [001] zone axis. Due to the Z-contrast
mechanism, the bright spots primarily correspond to the projected Ta atomic columns. As shown
in Fig. 1(f), S1 displays a regular trigonal array of bright Ta columns, consistent with the
conventional 4Hb stacking where Ta sites in adjacent 1T and 1H layers overlap along the ¢
direction. In contrast, S2 [Fig. 1(g)] exhibits a denser hexagonal array of bright Ta columns
throughout the entire observed area, clearly deviating from the ideal alignment in S1. As
illustrated in Fig. 1(h), this feature likely arises from relative interlayer sliding between adjacent
1T and 1H layers. Consequently, the Ta sites in the two layers are no longer fully aligned along the
¢ direction, with one set of projected Ta columns displaced toward the projected S sites of the
adjacent layer. A similar trigonal-to-hexagonal array transition induced by stacking shifts has been
previously reported in 1T-TaS,.”” Thus, our HAADF-STEM observations identify S1 as the
conventional 4Hb configuration and S2 as a stacking-shifted 4Hb variant. This further suggests
that relative interlayer sliding may allow multiple stacking configurations within the 4Hb
framework. Notably, a recent study reported a similar enhancement of the CDW transition
temperature in pristine 4Hb-TaS,, which may be attributed to the formation of a similar

stacking-shifted variant as observed in our S2 type. **!



b) Modulation of CDW States and Transport Properties

Having identified the distinct stacking arrangements, we examined their influence on the
star-of-David CDW state in the 1T layers. Figures 2(a) and 2(d) show the temperature dependence
of the in-plane resistivity (p,,) for S1 and S2. Both types exhibit metallic behavior and a
pronounced resistive anomaly at high temperatures, corresponding to the formation of the
star-of-David CDW. Here, the CDW transition temperature is defined by the onset of the resistive
anomaly. For S1, the CDW transition occurs at approximately 315 K, consistent with pristine
4Hb-TaS,."® In contrast, the CDW transition temperature in S2 is significantly enhanced to
approximately 327 K.

To determine whether the stacking shift influences the relative arrangement of the star-of-David
CDW superstructures between neighboring 1T layers, SAED patterns were acquired from S1 and
S2 along the [001] zone axis at room temperature (~300 K). As shown in Figs. 2(b) and 2(e), both
types retain the fundamental diffraction spots of the 4Hb lattice, indicating that the average 4Hb
framework is preserved. In S1, CDW-related satellite reflections are consistent with those of the
star-of-David CDW in the 1T layers. In S2, the fundamental reflections and CDW satellite
positions remain nearly unchanged, while the relative intensities of the CDW satellite spots are
redistributed, suggesting a relative phase shift in the CDW stacking between neighboring 1T
layers. We compared the experimental results with representative stacking models discussed in the
literature and with the corresponding simulated electron diffraction patterns shown in Fig. $5.5'7%
The comparison shows that S1 is best described by the —a — a — stacking phase [Fig. 2(c)],
whereas S2 is best described by the —a —y — stacking phase [Fig. 2(f)]. These results
demonstrate that the stacking shift in S2 modifies the relative arrangement of the CDW

superstructures, which is associated with the enhanced CDW transition temperature.
¢) Low-Temperature Magnetotransport

To investigate the impact of stacking on the low-energy electronic states, we compared the
low-temperature magnetotransport properties of S1 and S2. Figures 3(a) and 3(e) show the MR,
defined as MR = [0y (B) — Pxx(0)]/pxx(0) X 100%. Both types exhibit positive MR without
saturation up to 14 T. However, the low-temperature MR curves of S1 exhibit pronounced
curvature, whereas S2 displays a quasi-linear field dependence. We then extracted the temperature
dependence of the MR at 14 T, as shown in Figs. 3(b) and 3(f). The MR of both samples increases
markedly below 100 K. Figures 3(c) and 3(g) depict the magnetic field dependence of the p,, for
S1 and S2. At high temperatures, p,, exhibits a positive and linear response in both types,
indicative of hole-dominated transport. Upon cooling, the curves gradually deviate from this linear
dependence. For S1, this deviation becomes apparent around 30 K, resembling the nonlinear Hall

33,34

response observed in pristine 4Hb-TaS,."*** In contrast, S2 displays a more complex nonlinear

behavior, with the deviation emerging at a higher temperature of approximately 50 K. At low



temperatures, py, in S2 is strongly suppressed in the low-field region, developing a distinct
plateau-like feature (Fig. S6). As the field increases, py, gradually rises but exhibits another
weakly field-dependent region around 5-8 T, before recovering a pronounced positive slope at
higher fields (Fig. S7). This multistage nonlinear Hall response is absent in S1, highlighting the

distinct low-temperature electronic states in the two types.

To quantitatively characterize this behavior, we extracted the effective Hall coefficient (Ry ¢f5)
from the slopes of p,, in two field regions: the low-field coefficient (Ry ) from —0.5 T t0 0.5 T,
and the high-field coefficient (Ry yr) from 13 T to 14 T. For S1 [Fig. 3(d)], Ry ,r and Rypyp
coincide at high temperatures but begin to separate around 30 K, with Ry ;r increasing rapidly.
For S2 [Fig. 3(h)], the separation occurs near 50 K. Upon further cooling, Ry yr remains positive
and weakly temperature-dependent, whereas Ry, is rapidly suppressed and approaches zero

below 10 K. This contrasting evolution underscores the pronounced suppression of the low-field

Hall signal in S2.
d) Multiband Analysis of the Hall Response

Motivated by the complex low-energy electronic structure of 4Hb-TaS,, we performed a
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phenomenological analysis using the multiband Drude model.**>® The resistivity components

Pxx and py, were converted into longitudinal conductivity oy, and Hall conductivity oy,,:
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where n; and p; are the effective carrier density and mobility of the i-th transport channel, and
s; = £1 denotes the hole- or electron-type contribution. For the low-temperature regime (< 30 K),

oxx and oy, were fitted simultaneously. At high temperatures (= 100 K), a single-band fit was

applied to py,,.

At 5 K, the data for S1 can be reasonably described by a three-channel model with one
electron-type and two hole-type channels, consistent with pristine 4Hb-TaS, [Figs. 4(a) and
4(6)].”Y In contrast, the complex multistage nonlinear Oxy Of S2 cannot be captured by the
three-channel model. Instead, a four-channel model was adopted to describe both the plateau-like
feature in oy, and the overall field dependence of oy, [Figs. 4(e) and 4(f)], indicating more
complex effective transport contributions in S2. Representative fitting parameters at 5 K are
summarized in Table S3. Specifically, the nearly vanishing low-field Hall signal in S2 can be
qualitatively associated with electron—hole compensation. In the low-field region, electron-type

and hole-type contributions with opposite signs and comparable magnitudes may cancel out,



suppressing the net Hall signal while maintaining finite o,,. Increasing the magnetic field breaks

this compensation condition gradually, leading to the observed multistage response.

It should be noted that the multiband fitting mainly captures the dominant features of the
transport response, while deviations between the experimental data and the fitted curves remain in
both oy and the Hall response [Figs. 4(b), 4(f), and Fig. S6]. These deviations highlight the
limitation of applying a simple multiband Drude model to such complex low-temperature
transport behavior. Therefore, the present multiband analysis should be viewed as a qualitative and
phenomenological description rather than a complete microscopic explanation. In this sense, the
fitting suggests possible electron—hole compensation in S2, but it should not be regarded as direct
evidence for a distinct microscopic band structure. Further direct probes, such as ARPES, are
needed to clarify whether the distinct Hall response between S1 and S2 originates from a

detectable band-structure modification or from other transport-related mechanisms.
e) Role of Stacking Modulation

Our analysis indicates that the distinct nonlinear Hall responses can be phenomenologically
described in terms of multiple effective transport contributions. Combined with the enhanced
low-temperature MR, this suggests a significant evolution of the magnetotransport properties. In
pristine 4Hb-TaS,, such behavior has been attributed to the low-temperature CDW transition in the
1H layers.” For our Se-doped samples, although the resistive anomaly of the 1H-layer CDW is
suppressed, a residual CDW state likely persists, which may contribute to the nonlinear Hall

response at low temperatures. °’*

Crucially, the markedly different behavior between S1 and S2 demonstrates that the low-energy
electronic states are highly sensitive to the stacking arrangement.!*****' The structural
characterization confirms that S2 is a stacking-shifted 4Hb variant. This shift modifies the
interlayer alignment between the 1T and 1H layers. Consequently, it alters the relative registry
between the star-of-David CDW superstructure in the 1T layers and the residual CDW
modulations in the adjacent 1H layers, thereby modulating the CDW-related low-energy electronic
states probed by magnetotransport. In this scenario, S1 retains a multiband response similar to the
pristine 4Hb-TaS,, whereas the stacking-shifted S2 can be phenomenologically described by
introducing an additional effective electron-type contribution. Nevertheless, whether this
phenomenological difference reflects a detectable microscopic band-structure modification
remains to be clarified by further direct probes. Beyond the transport response, the stacking
modulation in S2 may provide an intriguing opportunity to explore how structural configurations
influence the correlated magnetic and superconducting states reported in 4Hb-TaS,, including
Kondo-related behavior, chiral order, nematicity, and time-reversal-symmetry-breaking states.'**"
2641 pyrther microscopic magnetic, spectroscopic, and superconducting-state investigations will

be valuable for revealing how these correlated states evolve under stacking modulation.



4. Conclusion

In summary, we demonstrate that the natural vdWH 4Hb-TaS,_,Se, serves as an ideal platform
for exploring how stacking modulates CDW states and low-temperature magnetotransport
properties. Our results show that the stacking arrangement not only tunes the star-of-David CDW
transition temperature and the interlayer CDW registry but also induces an exotic multistage
nonlinear Hall response with pronounced low-field plateaus. The suppressed low-field Hall signal
in S2 points to a distinct low-temperature electronic state, whose microscopic origin remains to be
clarified in future studies. These findings establish interlayer stacking as a critical degree of

freedom for tuning physical properties in natural vdWHs.
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Fig. 1. Structural characterization of 4Hb-TaS, ,Se, single crystals. (a) Schematic crystal
structure of 4Hb-TaS,. The upper and lower panels display the side and top views, respectively. (b,
¢) Single-crystal XRD patterns of S1 and S2 measured at (b) 350 K and (c) 300 K, respectively.
Intensities are plotted on a logarithmic scale. To prevent potential sample degradation or reaction
upon air exposure at elevated temperatures, the samples were mounted in an airtight holder during
measurements. The weak peaks indicated by the black stars originate from the airtight sample
holder. For comparison, room-temperature XRD patterns measured without the airtight holder are
provided in Fig. S3. (d, e) Enlarged views of the (004) reflections at (d) 350 K and (e) 300 K,
respectively. The red and blue bars mark the reference positions for the pristine 4Hb-TaS, (004)
and 1T-TaS, (002) reflections, respectively.” (f, g8 HAADF-STEM images of (f) S1 and (g) S2
acquired along the [001] zone axis at room temperature (~300 K). The upper-right insets show
enlarged views of the selected regions. (h) Schematic illustration comparing the stacking

configuration in S1 with the relative stacking shift between adjacent 1T and 1H layers in S2.



@ = (b) © o
52 Tt
g 25 4 %
=1 B 315K f
S 2.0 'ﬂ:ﬂ

" 310320 'ﬂ?:o
0 100 200 300
T(K)
@ (e) ® e
a—y
S2
A T E
g, 2
2 1.8 327K ‘ﬁ}.
e 15 /
, 320330 'ﬂt
0 100 200 300
T (K)

Fig. 2. Star-of-David CDW transition and superstructure arrangements in S1 and S2. (a, d)
Temperature dependence of the in-plane resistivity p,;, for (a) S1 and (d) S2. The insets display
the CDW transitions. The CDW transition temperature is defined by the onset of the resistivity
anomaly, giving 315 K for S1 and 327 K for S2. (b, e) Selected-area electron diffraction (SAED)
patterns of (b) S1 and (e) S2 taken along the [001] zone axis at room temperature (~300 K). The
upper-left insets magnify representative CDW satellite reflections. The arrows q, q, and qs
denote the three CDW wavevectors of one domain. The red and yellow polygons mark two
mirror-related sets of CDW satellite reflections. For clarity, only the representative vectors q; and
q," are indicated for the two domains. (¢, f) Schematic illustrations of the star-of-David CDW
stacking configurations corresponding to (¢) the —o—o— stacking phase and (f) the —a—y— stacking
phase. The a, B, and y labels denote distinct Ta sites within a single star-of-David cluster, as
detailed in the inset of (¢). The red dashed lines indicate the centers of the star-of-David clusters.
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Fig. 3. Magnetotransport properties of 4Hb-TaS,_ Se, single crystals. (a—d) Magnetotransport
properties of S1. (e—h) Magnetotransport properties of S2. (a, €) Magnetoresistance (MR) of (a)
S1 and (e) S2 at selected temperatures. (b, f) Temperature dependence of the MR at 14 T for (b)
ST and (f) S2. (¢, g) Magnetic-field dependence of the Hall resistivity p,,, for (¢) S1 and (g) S2 at
selected temperatures. (d, h) Temperature dependence of the effective Hall coefficients Ry s
for (d) S1 and (h) S2. Ry, and Ry pyp were extracted from the slopes of py, in the low-field
(—0.5 T to 0.5 T) and high-field (13 T to 14 T) regions, respectively. The insets in (d) and (h)
display enlarged views of the low-temperature region.
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Fig. 4. Multiband analysis of magnetotransport properties in 4Hb-TaS, ,Se, single crystals.
(a—d) Fitting analysis for S1. (e-h) Fitting analysis for S2. (a, e) Representative fitting results of
0xy at 5 K for (a) S1 and (e) S2. (b, f) Representative fitting results of oy, at 5 K for (b) S1 and
() S2. Open blue symbols and solid red lines represent experimental data and fitting results based
on the multiband Drude model, respectively. (¢, g) Temperature dependence of the carrier density
n; extracted from the fitting analysis for (¢) S1 and (g) S2. (d, h) Temperature dependence of the
mobility p; extracted from the fitting analysis for (d) S1 and (h) S2. The superscripts h and e
denote hole-type and electron-type transport channels, respectively. The gray shaded regions
indicate intermediate-temperature regimes that were not included in the fitting analysis. At low
temperatures, a three-channel model was used to describe S1, whereas a four-channel model was

adopted for S2. The high-temperature transport can be approximately described by a single
hole-type channel.
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