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Abstract:

We report twisted 1T TaS2 bilayers synthesized by a lithiation exfoliation method. 

Atomic-scale observations reveal the existence of eight twist commensurate 

configurations from over 50 1T TaS2 bilayer samples in the twist angle range from 0° 

to 30° in which commensurate atomic configurations can be distinguished by 

scanning transmission electron microscopy. The limited number of twist angles, rather 

than random ones, indicates that there are energetically favorite twist angles in the 

naturally formed bilayers. Together with the interlayer distance measurements, the 

formation of the bilayer twist configurations is anticipated to be regulated by the 
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stacking energy in the charge-density-wave system through interlayer van der Waals 

interactions. The findings of this work may pave a new way to fabricate twisted 

bilayer TMDs for exploring exotic properties from additional moiré periodicity.

Key Words: 2D materials, twisted TaS2 bi-layers, scanning transmission electron 

microscopy, moiré pattern, commensuration
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Introduction 

Two dimensional (2D) van der Waals (vdW) materials, such as transition metal 

dichalcogenides (TMDs), provide a unique opportunity to assemble new materials by 

sequentially stacking monolayers1. The design of the stacking sequence, the selection 

of constituent materials, and the twist of azimuthal orientations between layers have 

been successfully utilized to explore new functionalities of 2D materials, such as 

superconductivity2, irreplaceable optoelectronic behavior3, and emergent electronic 

states4-6. 1T TaS2 is a typical vdW TMD material and can be fabricated in the form of 

one-unit-cell-thick 2D crystals by mechanical exfoliation7, 8, chemical exfoliation9-11, 

or chemical vapor deposition12. It has been known for a long time that bulk 1T TaS2 is 

a prototypical charge-density-wave (CDW) material that spontaneously breaks lattice 

symmetry through periodic lattice distortions (PLDs)13. The metallic 1T TaS2 

undergoes a series of CDW transitions at temperatures below 543 K until it finally 

enters a Mott insulator state below 180 K where the CDW concomitant PLDs 

becomes commensurate with the crystal lattices14, 15. Therefore, the commensuration 

of mismatch lattices could be an important factor for tailoring physical properties of 

1T TaS2. It has been suggested that 1T TaS2 monolayers have the same PLD as the 

bulk counterpart. Similarly, they are Mott insulators with a S=1/2 degree of freedom 

in each unit cell while the bilayers with zero twist angle form a singlet state and are 

antiferromagnetic insulators with opposite spins by the interlayer interactions.16, 17 

Naturally, it can be anticipated that additional periodicities generated from twist 

stacking of commensurate 1T TaS2 monolayers may alter the metal to Mott insulator 
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transition and offer new physical properties. Recently, density of state (DFT) 

calculations predicted that the electronic properties of TaS2 bilayers strongly depend 

on the twist angles18. The twisted 1T TaS2 bilayers experience a transition from metal 

to semiconductor between 27.8 and 32.2 and their CDW gaps increase with the 

twisted angles. However, twisted TaS2 bilayers with various azimuthal angles have 

not been experimentally realized. In this study, we report the fabrication of twisted 1T 

TaS2 bilayers by a lithiation exfoliation method. Cs-corrected scanning transmission 

electron microscopy (STEM) reveals the energetically favorite twist angles in 1T 

TaS2 bilayers and the correlation between twist angles and interlayer distances. 

Sample preparation and characterization of twisted bilayer TaS2.

The 1T-TaS2 crystalline powders were synthesized by stoichiometric elements of 

Ta (99.9% purity) and S (99.999%) in an evacuated quartz tube at 800 to 900°C for 

10 days. The obtained 0.1 g 1T-TaS2 precursors were soaked in 20 mL of 1.6 M 

n-butyllithium in hexane for 3 days and then washed with pure hexane three times 

before drying under an evacuated condition. The resulting LiTaS2 powders were 

soaked in distilled water and sonicated for 30 min with stirring until the mixture 

became a transparent dispersion solution of exfoliated TaS2 nanosheets. Finally, the 

obtained uniform dispersion solution was dialyzed repeatedly to completely remove 

Li ions from the solution and 1T TaS2 nanosheets were obtained through air pump 

filtration. The TaS2 nanosheets have irregular shapes and the lateral dimensions are 

about several to tens of micrometers in the longest direction. The thicknesses of 
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nanosheets were characterized by atomic force microscopy (see Figure S1). The 

binding states and quantitative chemical compositions of the pristine TaS2 nanosheets 

were investigated by X-ray photoelectron spectroscopy (XPS) (Figure S2). The Ta 

4f7/2 and S 2p3/2 spectra demonstrate that the liquid-exfoliated nanosheets keep the 

stoichiometry of the precursor TaS2 compound. The weak XPS peaks from Ta2O5 

demonstrate that the oxidation of the as prepared TaS2 nanosheets is insignificant. 

With this processing, most of the samples are bilayers, together with a small number 

of mono and tri-layers. In contrast, a relatively dilute 1T-TaS2 solution leads to the 

formation of monolayer-dominated nanosheets. The structure of the as-prepared 

individual TaS2 nanosheets was characterized by high-angle annular dark field 

(HAADF) STEM using Cs-corrected TEMs (JEOL 2100F and ARM 200F) with a 

spherical aberration (Cs) corrector for the condense lens at the accelerating voltage of 

200 kV. HAADF-STEM images were acquired with inner and outer collection angles 

of 50-150 mrad, respectively. All images were acquired with a 20 s dwell time at the 

convergence semi-angle of 16 mrad, giving a probe size of 1 Å and a beam current 

of 30 pA. 

Structure of 1T-TaS2 bilayer with different twist angles

The structure of the as-prepared TaS2 nanosheets was characterized by 

HAADF-STEM. In the atomic image and corresponding intensity profile (Figure 1a), 

the atomic columns with a bright contrast are from Ta while the contrast of solo S 

atoms has a very low intensity, as shown in the intensity profile. The schematic 
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atomic model for the 1T structure is displayed in Figure 1b with the yellow color 

representing the top layer S atoms, blue for the middle layer Ta atoms, and purple for 

the bottom layer S atoms. The Ta atoms form a triangular lattice sandwiched between 

two triangular layers of S with the stacking sequence of A-B-C in one-unit thickness. 

Hence, Ta atoms have an octahedral coordination with S atoms in the 1T phase which is 

fundamentally different from the 2H structure in which Ta atoms have a trigonal prismatic 

coordination with S atoms19, 20. The 1T structure of the as-prepared TaS2 nanosheets is 

further confirmed by X-ray diffraction (Figure 1c). The X-ray peaks acquired from 

as-prepared TaS2 nanosheets well match the reference lines at bottom representing 

1T-TaS2 data taken from the PDF database No. 02-0137. 

 We noticed that Moiré patterns can be frequently observed from these as-prepared 

2D nanosheets, implying that twist-stacking takes places during the sample 

preparation process. Schematic 1 illustrates the atomic model of two monolayer TaS2 

sheets, which are vertically stacked with a twist angle  to form a twist-stacking 

structure with a two-dimensional Moiré pattern. In principle, the  values could be 

any arbitrary azimuthal angle for the sequentially stacking non-lattice matched 

monolayers. However, only eight configurations can be frequently observed when we 

inspected about fifty bilayer TaS2 nanosheets. These configurations with different 

twist angles are summarized in Figure 2a-h, including the known 1T phase in bulk 

TaS2 and seven Moiré phases with the twist angles of 5.4°, 6.5°, 7.4°, 16.4°, 18.9°, 25.0° 

and 30.5°. The measured angle error is smaller than 0.1 (see Figure S3). The twist 

bilayer sample generally lay flat over large regions with a consistent twist angles as 
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verified by selected area electron diffraction (Figure S4a). For the standard ABC 

stacking of S-Ta-S in the unit cell (Figure 2a), the trigonal arrangement of Ta atoms is 

observed from the HAADF-STEM image, which can be expected from the stacking of the 

Ta atoms from each layer directly atop each other. The twist angles were measured from 

fast Fourier transform (FFT) patterns of the atomic-scale HAADF-STEM images. 

Each [0001] FFT patterns contains twelve {1-100) spots, which constitute two 

hexagons as illustrated in the insets of Figure 2b-h. It worth noting that the 

configurations with the twist angles between 30° to 60° cannot be distinguished because 

the rotation angles of  and (60°-) produce the identical HAADF-STEM images of Ta 

atoms and corresponding FFT patterns. 

Figure S5 shows the frequency of each twist angle observed out of 50 examined bilayer 

1T-TaS2 nanosheets. 32 out of 50 nanosheets have the twist angle of 0° or 60°, which also 

have the smallest interlayer distance of 0.616 nm. For the interlayer distance measurement, 

it will be detailed later. Among the 18 twisted bilayer samples, 16.4° has highest frequency 

and the largest interlayer distance of 0.664 nm, while 25 and 30.5° are only observed one 

time each and have a related smaller interlayer distance of ~0.65 nm. We have to admit 

that the observations may miss some configurations with the twist angles out of the eight 

cases and the sampling size may not large enough for reliable statistical analysis. However, 

even from the current data, we can find that the probabilities of the twist angles are not 

equal and random and there are geometrically favorite twist angles in the naturally formed 

bilayers. The preferred twist angles might be energetically selected by the interlayer vdW 

interactions.
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To understand the structure of the twist-stacked TaS2 bilayers, the corresponding 

atomic models are constructed with the twist angles determined by the FFT 

measurements (Figure 3). Compared to the measured twist angles in experiments, the 

differences may be from measuring errors. These geometric models show the 

super-periodic Moiré patterns from the real-space projections. We used these atomic 

models to simulate HAADF-STEM images by the HREM software package, which is 

based on the multislice method21. This method has been widely employed to simulate 

HAADF-STEM images, including 1T TMD nanosheets22. For the 1T-TaS2 

monolayers, the simulated image (Figure 4a) has an excellent match with the 

corresponding HAADF-STEM image in both symmetry and lattice constant. We 

noticed that there are local lattice deviations in some regions between the simulated 

and experimental images, which could be associated with the PLD of the 1T phase or 

possible local reconstruction driven by the stacking energy. The lattice spacing of 

2.86 Å is assigned to the (10-10) plane of 1T-TaS2. The average lattice spacings 

measured from the HAADF-STEM images are very close to this value with a small 

error bar of +/- 5 pm. Figure 4b depicts the simulated HAADF-STEM images from 

the atomic model of the twisted TaS2 bilayer with a small angle of 5.2. Consistent 

with the HAADF-STEM image, the superposition of two identical layers with the 

small twist angle gives rise to an additional large periodicity. The simulated image is 

well consistent with the experimental one (Fig. 4b) in both Ta atomic positions and 

the Moiré pattern, verifying the correlation between the twist angle and the Moiré 

patterns suggested by FFT analysis and the structural models. We also used the same 
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methodology to simulate the twist-stacking configurations with the angles of 6.6°, 7.5°, 

16.1°, 19.1°, 25.3 and 30°, respectively. With the increase of the twist angles, the size 

of the Moiré patterns gradually decreases, in line with the experimental observations. 

The models and the simulated images (Figure 4c-h) also confirm the twist angles of 

the Moiré patterns, which are measured from the FFT patterns, and the structural 

origins of the Moiré patterns observed in the HAADF-STEM images from the 

superposition between two vertically stacked TaS2 monolayers with the misalignment 

by rotation.

In addition, the bilayer structures can be verified from the HAADF-STEM images 

taken from the folded edges of the samples as shown in Figure 5. Two parallel lines 

in the HAADF-STEM images represent two stacking TaS2 monolayers. To better 

exhibit the geometry of curled twist bilayer TaS2, we prepared a schematic diagram to 

show the folded structure near the edge (Figure S6). We measured the interlayer 

distances of these samples from the intensity profiles that were extracted along the 

direction perpendicular to the edges. The measured spacing error is 0.17 Å (see 

Figure S6). As shown in Figure 5i, the general tendency that the interlayer distance 

increases with the twist angles is in line with the DFT calculations18, indicating that the 

vdW interactions between the two twist layers change with the twist angles. Importantly, 

our experimental measurements suggest that the increment of the interlayer distance is 

not monolithic. There are two obvious plateaus at 6.5 and 25.0. Since the interlayer 

distances directly correlate with the interlayer interactions and stacking energy, the 

uneven interlayer distances may be related to the structural relaxation and reconstruction 
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in the twisted bilayers 6, 23. Therefore, the twist stacking of the 1T TaS2 is anticipated to be 

an effective approach to modify the electronic structure and properties of 2D TaS2 as well 

as to fabricate metastable CDW phases with unique properties. 

Relationship between twist angle and commensurate structure

To further understand the geometric relations between twist angles and the 

resulting Moiré patterns observed by HAADF-STEM, we can derive the conditions 

required on the twist angles such that the system is commensurate for the formation of 

the Moiré patterns. Let  and  be the Bravais lattice vectors of a single TaS2 𝑎1 𝑎2

layer as illustrated in Figure 1b. Then, the position vector of any Ta lattice point on 

this TaS2 layer can be written as m1 +m2  where m1 and m2 are integers. Now 𝑎1 𝑎2

suppose we stack another TaS2 layer on top with a twist angle . We now seek the 

exact same feature somewhere else in the twisted bilayer TaS2 whose position vector 

we can write as n1 +n2  where n1 and n2 are integers. If the structure is 𝑎1 𝑎2

commensurate, the two vectors must be related via a rotation i.e.

                  (1)m1a1 + m2a2 = R(n1a1 +na2)

where R is a rotation matrix, and can be written in Cartesian coordinates as24: 

                      (2)𝑅 = [cos ∂ ―sin ∂
sin ∂ cos ∂ ]

However, it would be more illuminating to re-write the rotation matrix R using the 

TaS2 Bravais lattice vectors ,  as our basis. In this basis,𝑎1 𝑎2

           (3)𝑅 = [cos (∂) ―
1
3sin (∂) ―

2
3sin ∂

2
3sin ∂ cos (∂) +

1
3sin (∂)]
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Since m1, m2, n1, n2 are all integers, enforcing the commensurability conditions 

require all the entries of R in the Bravais lattice to be rational. This leads to a set of 

twist angles for which the twisted bilayer TaS2 is a commensurable structure:

                    (4)cos () =
3𝑞2 ― 𝑝2

3𝑞2 + 𝑝2   𝑝,𝑞 ∈ 𝑍

A series of twist angles  that satisfy equation (4) are calculated and listed in Table 

1, with q equal to integers from 1 to 20 and p equal to integers from 1 to 10. The twist 

angles above 60°are ignored. All experimentally observed twisted angles can be found 

in Table 1 as highlighted in grey, within 0.2°difference which are considered as the 

experimental error. This illustrates that the configurations of all the experimentally 

observed twisted TaS2 bilayers are commensurate. However, as indicated in Table 1, there 

are a large number of other commensurate configurations in the TaS2 system which have 

not been found in our extensive TEM observations. This implies that the twist angles of 

the as-prepared bilayers could be energetically favorite and regulated by the stacking 

energy during the formation of the twisted bilayers. 

The resulting commensurate basic vectors of twist bilayers can be written in two 

classes according to δ=3/gcd(p,3) (here gcd is the greatest common divisor)25

For δ=1, 

                   (5)
⇀
𝑡1 =

1
𝛾[ ― (𝑝 + 3𝑞)

⇀
𝑎1 ― 2𝑝

⇀
𝑎2]

                    (6)
⇀
𝑡2 =

1
𝛾[2p

⇀
𝑎1 ― (𝑝 ― 3𝑞)

⇀
𝑎2]

For δ=3, 

                    (7)
⇀
𝑡1 =

1
𝛾[ ― (𝑝 + 𝑞)

⇀
𝑎1 + 2𝑞

⇀
𝑎2]

                    (8)
⇀
𝑡2 =

1
𝛾[ ―2q

⇀
𝑎1 ― (𝑝 ― 𝑞)

⇀
𝑎2]
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where γ=gcd(p+3q, p-3q). The calculated basic vectors of moiré unit cell with 

observed twist angles are listed in Table 2. The basic vectors of moiré unit cell with 

16.4° were label on the HAADF-STEM image as shown in Figure 6. Since the digital 

scanning time of 19.1 s per pixels was used, the total intake time is about 4 seconds for 

taking the HAADF-STEM image. It is unavoidable that the sample drift along the x- and 

y-coordinate directions during image acquirement. Even so, the calculated vectors 

matches well with the Ta atom periodicity in the HAADF-STEM images, confirming 

that the configurations of all the experimentally observed twisted TaS2 bilayers are 

commensurate and the arrangement of the atoms within each moiré period are periodic.

Summary

In summary, we report that the twisted 1T TaS2 bilayers can be synthesized by the 

lithiation exfoliation method. From HAADF-STEM observations, we found that the 

twist angles in the naturally formed 1T TaS2 bilayers have defined values, not 

stochastic. Only eight configurations with the twist angles of 0°, 5.4°, 6.5°, 7.4°, 16.4°, 

18.9°, 25.0°, 30.5° are observed from fifty samples with STEM distinguishable twist 

configurations. This may indicate that the formation of twisted bilayered structures 

may be energetically governed by the interlayer interactions and stacking energy. The 

simulated HAADF-STEM images from the atomic models well represent the Moiré 

patterns shown in the experimental ones. Geometric analysis demonstrates that these 

configurations are commensurate. 
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Figure Captions

Figure 1 a. HAADF-STEM image from monolayer 1T-TaS2. Intensity profile 

extracted from the green frame region exhibits the relative higher scattered signal of 

Ta atoms on the upper right corner, while does not display the signal of S atoms, 

indicating the structure of monolayer TaS2 is 1T phase. The insertion also displays the 

atomic model of 1T TaS2. b. Illustration of 1T-TaS2 lattice structure, the first layer S 

atoms are in yellow, second layer S atoms are in purple, and Ta atoms are in blue. 

Bravais basis vectors ,  are shown. c. X-ray diffraction results of as prepared 1T 𝑎1 𝑎2

TaS2.
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Schematic 1. The twist angle  here is defined as the angle that is twisted in plane 

from standard AB-stacking 1T-TaS2
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Figure 2. The HAADF-STEM images of 1T-TaS2 bilayers with different twist angles 

marked on the right corners. The insets are the Fast Fourier Transform (FFT) patterns 

derived from the corresponding HAADF-STEM images. 
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Figure 3. Atomic models of two TaS2 monolayers with different rotational angle of  

in plane used in HREM software. The light-yellow dots represent S atom while the 

brown and purple dots represent Ta atoms in the first and second layer, respectively. S 

atoms are not presented other than in 0 and 600 twisted models because the atomic 

structural periodicity can be better revealed by presenting Ta atoms only.

f 18.9

6.5

60
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Figure 4. Simulated HAADF-STEM images with different twist angles produced by 

HREM software based on the Multi-slice Method. 
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Figure 5. a-h. The HAADF-STEM images of folded edges of 1T-TaS2 bilayers with 

different twist angles i. Average interlayer distance here is the distance between Ta 

atomic planes measured from a-h through extracting intensity profiles from intensity 

line scan vertical to the edges. 
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Figure 6. The atomic model, simulated and experimental HAADF-STEM images of 

16.1° twisted 1T-TaS2 bilayer with calculated basis vectors of moiré unit cell  and 𝑡1

. +8 , +3 .  and  are basic vectors of a untwisted 𝑡2 𝑡1 = ―5𝑎1 𝑎2 𝑡2 = ―8𝑎1 𝑎2  𝑎1 𝑎2

bilayer unit cell. The difference in measured twist angles 16.4 may be from 

measuring error.
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Table 1. Calculated Twist angles  according to equation ∂ cos (∂) =
3𝑞2 ― 𝑝2

3𝑞2 + 𝑝2

, with q equal to integers from 1 to 20, and p equal to integers from 1 to 10.    𝑝,𝑞 ∈ 𝑍

Grey highlighted twist angles are consistent with the experimental observed twisted 

angles within 0.2° error.

  p  
q

1 2 3 4 5 6 7 8 9 10

1 60.0
2 32.2 60.0
3 21.8 42.1 60.0
4 16.4 32.2 46.8 60.0
5 13.2 26.0 38.2 49.6 60.0
6 11.0 21.8 32.2 42.1 51.4 60.0
7 9.4 18.7 27.8 36.5 44.8 52.7 60.0
8 8.3 16.4 24.4 32.2 39.7 46.8 53.6 60.0
9 7.3 14.6 21.8 28.8 35.6 42.1 48.4 54.3 60.0

10 6.6 13.2 19.7 26.0 32.2 38.2 44.0 49.6 54.9 60.0
11 6.0 12.0 17.9 23.7 29.4 35.0 40.3 45.6 50.6 55.4
12 5.5 11.0 16.4 21.8 27.1 32.2 37.2 42.1 46.8 51.4
13 5.1 10.2 15.2 20.1 25.0 29.8 34.5 39.1 43.6 47.9
14 4.7 9.4 14.1 18.7 23.3 27.8 32.2 36.5 40.7 44.8
15 4.4 8.8 13.2 17.5 21.8 26.0 30.2 34.2 38.2 42.1
16 4.1 8.3 12.4 16.4 20.5 24.4 28.4 32.2 36.0 39.7
17 3.9 7.8 11.6 15.5 19.3 23.0 26.7 30.4 34.0 37.5
18 3.7 7.3 11.0 14.6 18.2 21.8 25.3 28.8 32.2 35.6
19 3.5 7.0 10.4 13.9 17.3 20.7 24.0 27.3 30.6 33.8
20 3.3 6.6 9.9 13.2 16.4 19.7 22.8 26.0 29.1 32.2
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Table 2. Calculated basic vectors of moiré unit cells from experimentally observed 

twist angles, according to equation (5),(6),(7),(8).

Observed twist 

angle (p,q)

Basis vectors of moiré unit cell Frequency out 

of 50 samples

16.4° (1,4) +8 ; +3𝑡1 = ―5𝑎1 𝑎2 𝑡2 = ―8𝑎1 𝑎2 5

18.9° (2,7) + ; +𝑡1 = ―9𝑎1 14𝑎2 𝑡2 = ―14𝑎1 5𝑎2 3

7.4° (1,9) + ; +𝑡1 = ―5𝑎1 9𝑎2 𝑡2 = ―9𝑎1 4𝑎2 2

6.5° (1,10) + ; +𝑡1 = ―11𝑎1 20𝑎2 𝑡2 = ―20𝑎1 9𝑎2 3

5.4° (1,12) + ; +𝑡1 = ―13𝑎1 24𝑎2 𝑡2 = ―24𝑎1 11𝑎2 3

25.0° (5,13) + ; +𝑡1 = ―9𝑎1 13𝑎2 𝑡2 = ―13𝑎1 4𝑎2 1

30.5° (8,17) + ; +𝑡1 = ―25𝑎1 34𝑎2 𝑡2 = ―34𝑎1 9𝑎2 1
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