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Superlattices, a periodic stacking of two dimensional (2D) layers of two or more 

materials, offer a versatile scheme for material engineering so that new properties 

can be tailored. We report an intrinsic heterodimensional superlattice consisting 

of alternate 2D VS2 and 1D VS chain array deposited directly by chemical vapor 



deposition. This unique superlattice features an unconventional 1T stacking with 

a triclinic unit cell of 9 sets of VS2/VS layers identified by scanning transmission 

electron microscopy. Surprisingly, an unexpected Hall effect, persisting up to 380 

K, is observed when the magnetic field is in-plane, a condition under which the 

Hall effect usually vanishes. The magnetic field angular dependence of the effect 

indicates an exotic in-plane Ising-type spin anisotropy, resulting from the 1D VS 

chain. Our work breaks through the conventional understanding of superlattice 

and can stimulate the synthesis of more extraordinary super structures. 

 

 

Superlattices have drawn intensive attention due to their intriguing electronic, optical, 

and magnetic properties that do not exist in intrinsic materials1-5. Generally, the 

traditional superlattices were formed among the materials with same dimension (such 

as 3D-3D, 2D-2D, and 1D-1D)2,6-8. Recently, the breakthroughs in 2D materials have 

enriched the superlattice families including van der Waals heterostructures (vdwHs), 

Moiré periodic patterns and the randomly intercalated compounds 9,10. For instance, 

various typical superlattices such as the Moiré superlattices of hBN/graphene 11 and 

twisted graphene 12), intermixing of [(GeTe)x/(Sb2Te3)y]n 
13and organic molecular 

(CTAB) intercalated black phosphorus (BP) 14 as well as the molecule-MoS2 have been 

achieved 15. Besides the mentioned above, the intercalated compounds including the 

Nb-based16, V-based17 and intrinsic 2D superlattice MnBi2Te4 
18were reported. These 

superlattices possess the potential superconductivity19 and ferromagnetism20 for 

applications in quantum spintronic devices21-23. However, the superlattices were often 



obtained via epitaxial growth or assembled by stacking 2D materials through different 

methods6,24-27. Meanwhile, in view of structures and dimensions, the reported 

superlattices belong to the 3D-3D, 2D-2D, and 1D-1D 6,16,17. So far, the intrinsic 

heterodimensional superlattice formed between the intrinsic 2D (or 3D) and 1D has 

never been predicted and nor been realized in experiments.  

Here, we report a new type of heterodimensional intrinsic superlattice structure in V-

based 2D superlattice grown directly via a one-step CVD method. This superlattice is 

a periodic structure of 2D VS2 layer and 1D VS chain layer, and 9 sets of VS2/VS layers 

form a unit cell, belonging to space group of P1 with triclinic symmetry. Such structure 

has never been expected in the metallurgy. Due to the existence of 2D VS2 and 1D VS 

array, the superlattice shows an intriguing room temperature in-plane anomalous Hall 

effect. The magnetic field angular dependence of the effect reveals an in-plane Ising-

type spin anisotropy, complimentary to the celebrated out-of-plane one discovered in 

MoS2 and NbSe2
28,29. The strong anisotropy stems from the 1D nature of the unique VS 

chain in the superlattice. Our work will open a new field towards heterodimensional 

superlattice for exploring excellent physical properties. 

Note that the VS2 and V5S8 can be easily obtained via CVD method17,30. In our 

experiment, the novel VS2-VS superlattice was successfully achieved via controlling 

the growing conditions. Herein, a molten salt chemical vapor deposition (CVD) method 

was used to synthesize the V-based superlattices30. The corresponding setup is 

presented in Fig. S1. The growth method is depicted in Fig. 1a. By controlling the 

temperature of sulfur, at a high growth temperature with a short growth time (less than 

2 min), VS2-VS superlattice was achieved. While, at a low growth temperature (lower 

than 730 oC) with a long growth time (more than 3 min), VS2 flakes were obtained (as 



shown in Fig. S2). Figure1a also shows the optical image of VS2-VS superlattice, which 

was synthesized with the precursor ratio of V2O5: KI larger than 5:1. It can be clearly 

seen in Fig. S3 that the VS2-VS superlattice has a needle-like shape. At a low precursor 

ratio of 2:1, the superlattice array was obtained (see Fig. S3). This is attributed to the 

vapor-liquid-solid (VLS) growth mechanism31. Atomic force microscopy (AFM) 

measurements and more optical images are detailed in Fig. S3 and S4, respectively. 

Raman spectroscopy was performed to check the vibrational properties of VS2-VS 

superlattice. Three main peaks located at 81 cm-1, 336 cm-1 and 445 cm-1 were observed, 

as shown in Fig. 1b, which are fully different from the Raman spectra of VS2
32. We 

further measured optical second-harmonic generation (SHG) from thick samples and 

the wavelength of ~ 990 nm was selected as the excitation wavelength. The SHG signal 

clearly appears at 495nm (Fig. S5) indicating no inversion symmetry in crystal structure. 

The dependence of SHG intensity on the azimuthal angle shown in Fig. 1c illustrates 

the anisotropy of VS2-VS superlattice. In order to further illustrate the valence state of 

V in the superlattice, XPS was conducted and the results are presented in Fig. 1d. We 

can clearly see that both V4+ and V2+ are co-existing in the superlattice, suggesting the 

formation of V-S bonding. The V2p peaks located at 525 eV and 517 eV are induced 

by oxidation of the samples. The corresponding XPS of S is detailed in Fig. S6. To 

assess the stability of VS2-VS superlattices, the comparison of the stability between 

VS2 and VS2-VS superlattices is carried out via first principles calculations. The 

calculated Helmholtz free energies of VS2-VS superlattices and VS2 are shown in Fig. 

1E, demonstrating that the VS2-VS superlattices are stable below the 1500 K and 

naturally exist. The detailed calculations are presented in the methods part in 

Supplementary Materials. 

To determine the atomic structure of as-synthesized superlattices, annular dark-field 



scanning transmission electron microscopy (ADF-STEM) as well as the cross section 

TEM were performed. The grown material is a unique superlattice consisting of a 

periodic structure of 2D VS2 and 1D VS chain array. Figure 2a shows the unit cell and 

the stacking structure of the VS2-VS superlattice from the side view. Figure 2b shows 

the atomic model of the VS2/VS superlattice from the top view. The VS2 monolayers 

exhibit the 1T phase where the V and S atoms are arranged in octahedral coordination. 

The VS chains are 1D infinite array structure stacking between the VS2 layers forming 

a large (1x3) surface unit cell, in which the V atoms are trigonal pyramid coordinated 

by S atoms. From the Fig. 2a and 2b, it clearly displays that the unit cell of the VS2-VS 

superlattice is stacked in triclinic symmetry with 9 sets of VS2/VS layers (blue dashed 

box in Fig. 2a). Note that the stacking order of the VS2 layers is not conventional 1T 

stacking but a 3R (rhombohedral) stacking (indicated by gray dashed box in Fig. 2a) 

with the VS chain arrays intercalation. Figure 2c shows an annual dark field (ADF) 

image of the VS2/VS superlattice cross section taken by using 60kV low-voltage STEM. 

The magnified ADF cross section image from the dashed rectangular in Fig. 2c is shown 

in Fig. 2d. The special stacking order matches the atomic model shown in Fig. 2a and 

2b well. Some weak atomic contrasts appear in the interval of VS chains which should 

originate from part of the displaced VS chains.  

Figure 3a displays colored low-mag ADF image of the superlattice from the top view, 

and the number of layers (labeled with circled numbers) can be distinguished by the 

contrast straightforwardly. Figure 3b shows an ADF image from the thinnest area. We 

found that the VS array layer is not stable when exposing to the surface (see also Fig. 

2c and Fig. 3e) As a result, the thinnest stable structure is one VS array layer sandwiched 

by two layers of VS2. The fast Fourier transform (FFT) image inserted in Fig. 3b reveals 

the structure information of the superlattice consisting of (1x1) hexagonal pattern and 



(1x1/3) satellite spots derived for VS2 layers and VS array layers, respectively. 

Furthermore, Fig. 3c and 3d display the magnified ADF images of the first and second 

thinnest VS2/VS superlattice in the left panel, respectively. The corresponding 

simulation images in the right panel show excellent fit to the experimental images. 

More details about the structures of VS2/VS superlattice are shown in Fig. S7. 

We further performed electron energy loss spectroscopy (EELS) to investigate the 

charged state of the vanadium in the VS2 and VS chains. Figure 3e shows an ADF image 

of the thinnest superlattice as 2VS2+1VS. At the up-right corner, one layer of VS2 and 

VS chains were damaged by e-beam and left a monolayer VS2. We performed an EELS 

line scan along the green line across seven VS chains. Figure 3f shows the 2D spectrum 

image with energy in the x axis and scan distance in the y axis. The cyan arrows point 

to the vanadium L-edges collected from pure VS2, while the orange arrows point to the 

spectra which contain extra EEL signals from VS chains. Figure 3g shows the EEL 

spectra of VS2+VS and VS2 which are added up spectra from 7 orange arrows and 7 

cyan arrows, respectively. The cyan spectrum represents the V4+ of VS2, on the other 

hand, the orange spectrum contains an extra signal of V2+ of VS with redshift of L-edge 

and increasing in L2 peak.  

Due to the novel structure of the van der Waals superlattice formed by layered VS2 and 

VS array, the superlattice displays a striking property, i.e., an unexpected Hall effect 

when a magnetic field is in the plane of the electric current and the Hall field. Figure 

4a presents the field dependence of the Hall resistivity ρxy at 100 K for fields along three 

coordinate axes, x, y and z defined in Fig. 2. The current is in the y direction, while the 

transverse voltage along the x direction is measured. The z axis is perpendicular to the 

substrate. When B // z, the out-of-plane Hall effect (OPHE) is measured. When B is in 



the xy plane, the Hall effect usually vanishes because of absence of the Lorentz force 

contribution, as is observed when B // y. The vanishing ρxy indicates a quite good 

alignment accuracy in our experimental setup. However, when B // x, there is a marked 

Hall effect that is even larger than OPHE, which immediately rules out the possibility 

of a perpendicular field contribution due to misalignment of the sample. From now on, 

we will call this unconventional effect the in-plane Hall effect (IPHE). It is worth 

pointing out that the effect should not be confused with the planar Hall effect, which is 

symmetric in B, as IPHE is a true Hall effect, in that it is anti-symmetric in B. Since the 

ordinary Hall cannot play a role under the current geometry, we believe that IPHE is a 

type of anomalous Hall effect (AHE) associated with spin-orbit coupling and the effect 

of the magnetic field is to introduce a Zeeman splitting to energy bands33.  

Unlike typical nonlinear anomalous Hall effect in ferromagnets, our IPHE is linear in 

field at all temperatures of measurements, which excludes any ferromagnetic order. 

Among all known vanadium sulfite compounds, only V5S8 and V3S4 exhibits an 

antiferromagnetic order below 32 K and 9 K, respectively9,34. The phase transition is 

manifested as a kink in the temperature dependent resistivity35. The resistivity of our 

superlattice remains smooth up to 380 K (see Fig. S8), showing no indication of a 

magnetic phase transition. 

The observed IPHE is very robust, persisting up to 380 K, the highest temperature of 

our measurement apparatus. It decreases with temperature, as shown in Fig. 4b. Still, 

the Hall coefficient of IPHE at room temperature, 0.44×10−3 cm3·C−1, is larger than that 

of OPHE (see Fig. S8 and S11 in Supplementary Materials II). The in-plane Hall 

conductivity is plotted as a function of temperature in Fig. 4c. Interestingly, it follows 

an exponential decay with T in the whole temperature range, which yields a gap ∆ ∼ 8 



meV. Since the intrinsic AHE is determined by the Berry curvature, which is strongly 

enhanced when two bands are close, known as hot-spots, this small gap is consistent 

with the large AHE observed. 

It is well understood that the Berry curvature acts on electron like a magnetic field in 

momentum space and gives rise to the intrinsic AHE. Although the integral of the 

curvature over the Fermi sea is usually aligned with magnetization, it is not a 

requirement. In fact, it has been predicted that an in-plane magnetization can produce 

the quantum version of the AHE36,37. Our superlattice presents a rare case of an out-of-

plane Berry curvature generated by an in-plane field. Although an ab initio calculation 

of the Berry curvature would be valuable for understanding the effect, it turned out to 

be an intimidating task, as the unit cell of the superlattice structure consists of 216 atoms 

in total. Nevertheless, the link between the particular superlattice structure and the 

unconventional property can be qualitatively uncovered to some extent by following 

the symmetry arguments in Ref. 36 and 38 (The detailed symmetry analysis can be found 

Supplementary Material). Basically, the mirror reflection perpendicular to the xy plane 

is incompatible with IPHE. Considering that magnetization is a pseudovector, an in-

plane magnetization 𝐦∥ breaks any mirror symmetry in general and the Hall effect is 

allowed, except when 𝐦∥  is perpendicular to the mirror plane. Although our 

superlattice belongs to P1 space group, it is extremely close to C2/m, which has a mirror 

plane 𝐌𝑦 perpendicular to the xy plane. When the magnetization is parallel to the y 

axis, 𝐌𝑦 survives, resulting a zero Hall effect, which is in excellent agreement with 

our results. The symmetry analysis also provides a guideline for searching IPHE. For 

example, if there are two mirror planes perpendicular to each other in crystal, the system 

with an arbitrary in-plane 𝐦 is invariant under a joint symmetry of 𝐌𝑥⊗𝐌𝑦⊗𝐓, 



where 𝐓 represents time reversal symmetry. Consequently, the IPHE is forbidden. 

We then map out the magnetic field angular dependence of the Hall effect, as shown in 

Fig. 4d to 4f. As the field is rotated in the zy plane, the Hall resistivity follows a sine 

function, consistent with a conventional Hall effect due to the out-of-plane field. In the 

case of the field being rotated in the xy plane, the Hall resistivity maximizes when B // 

x, while it vanishes when B // y, in good agreement with a simple sine function. When 

the field is rotated in the zx plane, the measured data is a sine function with a phase 

shift, which can be faithfully decomposed into IPHE and OPHE without any adjusting 

parameter (see the illustration in Fig. S9 of Supplementary Material). The fact that the 

angular dependence can be well described by simple trigonometric functions indicates 

that the IPHE is solely proportional to the projection of the field on the x axis. This 

result, though seemingly trivial, implies a highly unusual spin texture, that it, spins are 

aligned along the x axis. This unusual spin texture apparently results from the peculiar 

1D VS chain of the superlattice, as it breaks the three-fold rotational symmetry of VS2. 

Such an Ising-type spin anisotropy has been a hot topic, particularly associated with 

Ising superconductivity28,29. In stark contrast to the out-of-plane Ising-type spin 

anisotropy observed in MoS2 and NbS2, our superlattice displays an in-plane one, which 

may spark new ideas on spintronic devices. 

In conclusion, we have synthesized the vertically stacked VS2-VS superlattice via the 

CVD method. The Helmholtz free energy calculations demonstrated the stability of the 

superlattice. The STEM and cross-section TEM results have clearly revealed the atomic 

structure of VS2-VS superlattice and demonstrated its unit cell contains 9 set VS2/VS, 

which has not been obtained in V-based materials. The in-plane anomalous Hall effect 

at room temperature was first observed in the superlattice. The magnetic field angular 



dependence reveals an astonishing in-plane Ising-type spin anisotropy, resulting from 

the 1D VS chain. Our results open a new avenue to synthesize superlattice and uncover 

the novel physical properties.  

Supplementary Information is available in the online version of the paper 
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Methods 

The superlattice was synthesized in a quartz tube with 1 inch in diameter. The length of 

the furnace is about 36 cm. The system of the reaction is shown in Fig. S1. Specifically, 

the alumina boat containing precursor powder was put in the center of the tube. The 

mixed powder (V2O5) and the salt（KI）with a ratio of 10:1 to 1:1 were used as 

precursors. Two SiO2/Si substrates with 285 nm SiO2 top layer were placed on the 

alumina boat with face to face and the mixed powder was put between the substrates. 

Another alumina boat containing S powder was put on the upstream of tube furnace at 

200 oC. The distance between the S boat and the precursor’s boat is about 18 cm. Mixed 

gas of H2/Ar with a flux gas (10/80 sccm) was used as the carrier gas. The heating rate 

of all reactions is 50 oC/min. The growth temperature was 780 ~ 800 oC and the growth 

time is 1 min to 5 min. The temperature was cooled down to room temperature naturally. 

All reaction materials were bought from Alfa Aesar with purity more than 99%. 

STEM-EELS 

STEM images were acquired by using ARM200F based UHV microscope equipped 

with a JEOL delta corrector and a cold field emission gun operating at 60 kV. The probe 

current is about 20 pA. The convergence semi-angle and the inner acquisition semi-

angle are is 37 mrad and 76 mrad. Typical ADF images were taken with 1024 x 1024 

pixels resolution by using 38.5 μs pixel time. The EELS core loss spectra were acquired 

mailto:z.liu@ntu.edu.sg
mailto:ksuenaga.aist@gmail.com


by using Gatan Rio CMOS camera optimized for low-voltage operation. EEL spectrum 

was acquired by using line scan with exposure time of 0.05 sec/pixel. 

 

Data availability. The main data supporting the findings of this study are available 

within the article, and Supplementary Information. Extra data are available from the 

corresponding author upon request. 

 

 

 

 

Figure | 1. Growth mechanism and optical images of VS2-VS superlattice. (a) 

Growth mechanism of VS2-VS. At a high temperature with a short growing time, VS2-

VS superlattice can be obtained. Figure 1a also shows the optical image of VS2-VS 

superlattice flakes. (b) Raman spectra of VS2-VS superlattice with different thickness. 



(c) Azimuthal angle-dependence of SHG intensity in VS2-VS, illustrating its 

anisotropic property. (d) XPS spectra of V2p in VS2-VS superlattice. The V 2p1/2 and 

V 2p3/2 locating at 523 eV and 516 eV (orange curve) correspond to the V4+ in VS2. The 

V 2p1/2 and V 2p3/2 siting at 521 eV and 514.5 eV are attributed to the V2+ in VS. The 

V 2p1/2 and V 2p3/2 siting at 520.3 eV and 513 eV highlighted by green curve are induced 

by the V element which have not reacted with S. While the V 2p1/2 and V 2p3/2 locating 

at high energy are attributed to the oxidized of superlattice, which also have been 

observed in the XPS spectra of S. (e) Helmholtz free energy of VS2-VS superlattice and 

VS2 under different temperature. The results show that the VS2-VS superlattice is much 

more stable than VS2 under the temperature below 1500 K, demonstrating the structure 

of superlattice is stable. 

 
Figure | 2. Atomic structure of VS2-VS superlattice. (a) The unit cell and the stacking 

structure of the VS2-VS superlattice from side view. The crystal system is triclinic 

symmetry with space group of P1, where a=9.69Å, b=3.23Å, c=75.53Å, α=β=90°, 

γ=120°. (b) Atomic model of VS2/VS superlattice from top view. Blue arrows indicate 

(1x1) unit cell of VS2 lattice. Green arrows indicate the (1x3) unit cell of VS chain array. 



Cyan and orange balls represent V and S atoms, respectively. (c) Cross section ADF 

image of VS2-VS superlattice cut by focused ion beam. The surface is terminated in 

VS2 layer. (d) The magnified ADF image from the white rectangular in (c).  

 

Figure | 3. Atomic structure of VS2/VS superlattice. (a) A colored low-mag ADF 

image of the superlattice. The darkest contrast region marked with 0 is the vacuum. The 

different sets of superlattice layers are marked by circled numbers. (b) An atomic 

resolution ADF image of the superlattice at thin region. (c, d) Magnified ADF image 

and corresponding simulation image of the thinnest and second thinnest superlattices 

as 2VS2+1VS and 3VS2+2VS, respectively. (e) An ADF image of the 2VS2+1VS region 

with an area exposing monolayer VS2. (f) EELS 2D spectrum image taken from a line 

scan along the green line in (e). Orange and cyan arrows point to the positions of 



VS2+VS and VS2 regions, respectively. (f) EEL spectra of vanadium L-edge of VS2+VS 

region (orange spectrum) and VS2 region (cyan spectrum).   

 

 

Figure | 4. Transport measurements of VS2-VS superlattice. (a) Hall resistivity 

under magnetic field along different directions at T = 100 K. Since the 

magnetoresistance is negligible at this temperature (see the Supplementary Material), 

only a constant value needs to be subtracted from the raw data to get the Hall resistivity. 

The in-plane Hall (B // x) is even larger than the out-of-plane one (B // z). The inset is 

an illustration of the sample. The length of the scale bar is 2 µm. The current is along 

the y direction. (b) The IPHE at different temperatures. The inset is the temperature 

dependence of the Hall resistivity (c) The in-plane Hall conductivity versus temperature. 

The inset shows the same data plotted in a semi-log scale. (d), (e), and (f) Angular 

dependence of Hall resistivity at B = 9 T for a field in the xy, yz, xz-planes. Solid lines 

in (d) and (e) represent fits to sine functions. The data in (f) can be decomposed as the 

sum (solid yellow line) of the in-plane component (cosine, dashed red line) and the out-



of-plane component (sine, dashed green line). The insets in (d) and (f) show the angular 

dependence in a polar diagram. Red/blue color represent the positive/negative sign of 

the Hall resistivity, while the radius represents the absolute value. Data in (d) are 

measured at 5 K, while those in (e) and (f) are measured at 100 K. Date in (a), (d), (e), 

(f) are from one sample and data in (b) and (c) are from another sample.  
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