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Fig. S1 Ground-state lattice parameters a (red-line) and c (black-line) (a) and the average 

magnetic moment m (blue line) of Fe ions in the bulk Fe3GeTe2 (FGT) as a function of U (b). 

Dashed lines indicate the experimental data.

The relationship between the Hubbard U and the structural properties of bulk Fe3GeTe2 (FGT) 

is presented in Fig. S1. The lattice constant a and magnetic moment m agree well with the 

experimental data when U = 0.5 [1]. The calculated lattice constant c is also consistent with the 

experimental data. The relative error is lower than 1.9% when U = 0.5, which is within the general 

accuracy of the GGA + PBE + U scheme (usually less than 3%). On the one hand, the agreement 

between our results and the experimental data supports the reliability of our calculation. On the 

other hand, the effective U of Fe-3d orbital for the FGT material should not be too large [2, 3]. U = 

2.0 or 6.0 lead to an overestimation of the magnetic moments for FGT monolayer [3].
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Fig. S2 Top view (a) and side view (b) of the 2D structures of the monolayer FGT.

Fig. S3 Side views of (a) the 0° and (b) the 180° twist-stacked Fe3GeTe2 bilayers. [the yellow and 

red balls represent the Fe (spin-up) and Fe (spin-down) ions, respectively].



Table S1 Zero-temperature Gibbs free energy (enthalpy) differences ΔG per Fe atom among the 

FM, AFM, and FiM configurations for the FGT monolayer and bilayers

ΔG / meVMagnetic orders

of monolayer

Spin

states

ΔG /

meV

Magnetic orders

of bilayers
Spin states

0° bilayer 180° bilayer

1-FM ↑↑↑↑↑↑ 0 1- FM ↑↑↑↑↑↑↑↑↑↑↑↑ 14.33 0.00

2-AFM ↓↓↓↑↑↑ 72.47 2-AFM ↑↑↓↓↑↓↑↓↑↓↓↑ 123.69 71.74

3-AFM ↓↓↑↑↑↓ 104.89 3-AFM ↑↓↑↓↑↑↓↓↑↓↓↑ 113.17 70.95

4-AFM ↑↓↑↑↓↓ 160.18 4-AFM ↑↓↓↑↑↓↑↓↑↑↓↓ 5.24 115.75

5-AFM ↑↓↓↑↓↑ 160.18 5-AFM ↑↑↓↓↑↓↓↑↑↓↑↓ 74.83 109.41

6-FiM ↓↑↑↑↑↑ 74.00 6-AFM ↑↓↑↓↑↓↓↑↑↑↓↓ 81.16 83.57

7-FiM ↑↓↑↑↑↑ 73.99 7-AFM ↑↓↑↓↑↓↓↑↓↑↓↑ 122.18 71.74

8-FiM ↑↑↓↑↑↑ 12.69 8-AFM ↓↓↓↓↓↑↑↑↑↑↑↓ 0.00 77.08

9-FiM ↑↑↑↓↑↑ 74.01 9-AFM ↑↑↑↑↓↓↑↓↑↓↓↓ 77.81 73.51

10-FiM ↑↑↑↑↓↑ 73.99 10-AFM ↑↓↑↓↑↑↓↓↓↓↑↑ 39.52 35.23

11-FiM ↑↑↑↑↑↓ 12.70 11-AFM ↓↓↓↓↑↑↓↑↓↑↑↑ 38.84 36.87

12-FiM ↓↓↑↑↑↑ 72.47 12-AFM ↑↑↓↓↓↑↑↑↓↓↑↓ 14.37 72.44

13-FiM ↓↑↓↑↑↑ 74.00 13-AFM ↑↑↓↓↓↓↑↑↓↓↑↑ 39.55 42.13

14-FiM ↓↑↑↑↓↑ 94.76 14-FiM ↓↓↑↑↑↑↓↓↓↓↑↑ 40.91 36.39

15-FiM ↓↑↑↑↑↓ 74.01 15-FiM ↑↑↑↑↓↓↑↑↓↓↓↓ 89.90 42.12

16-FiM ↑↓↓↑↑↑ 73.99 16-FiM ↑↓↑↓↓↑↓↑↓↑↑↓ 14.39 10.93

17-FiM ↑↑↓↓↑↑ 74.01 17-FiM ↑↑↓↑↑↓↑↑↑↑↑↓ 38.84 35.23

18-FiM ↑↑↓↑↑↓ 12.69 18-FiM ↑↑↓↓↑↓↑↑↑↑↑↓ 74.52 36.39

19-FiM ↑↓↑↑↓↑ 148.51 19-FiM ↑↓↑↓↑↓↑↑↑↑↑↓ 39.52 36.39

20-FiM ↑↑↑↑↓↓ 73.99 20-FiM ↑↓↑↑↑↓↑↑↑↑↑↓ 40.23 36.39

21-FiM ↑↑↓↓↓↑↑↑↑↑↓↑ 82.61 35.49

22-FiM ↑↓↑↓↓↑↑↑↑↑↓↑ 38.82 36.86

23-FiM ↑↓↓↑↓↑↑↑↑↑↓↑ 14.32 108.98

24-FiM ↑↓↑↓↑↓↓↑↓↑↑↑ 85.39 78.06

25-FiM ↑↑↓↓↑↓↑↓↑↑↓↑ 80.70 77.78

26-FiM ↑↑↓↓↑↓↓↑↑↓↑↑ 75.48 115.75

27-FiM ↑↑↓↓↑↓↓↑↓↑↑↑ 179.08 71.86

28-FiM ↑↑↓↓↑↓↑↑↓↑↑↑ 82.61 36.39

29-FiM ↑↑↓↓↓↑↑↑↑↑↓↑ 74.54 36.86

30-FiM ↑↓↓↑↑↑↑↓↑↑↓↑ 40.01 74.25



The Gibbs energy difference ∆G = GI – GL of the FGT monolayer is calculated and listed in 

Table S1. The subscripts I and L indicate a given magnetic order (ferromagnetic FM, 

antiferromagnetic AFM, ferrimagnetic FiM) and the magnetic order with the lowest energy, 

respectively. The results show that the FGT monolayer has FM order, which are in agreement with 

the previous results [4-6]. The calculated magnetic moments are 2.51 μB/Fe (FeI atom), 1.66 μB/Fe 

(FeII atom), and 2.22 μB/Fe (average value). These results are in good agreement with the 

experimental data (1.625 μB/Fe [4]), the theoretical results (2.5 μB/Fe for the FeI atoms [5], 1.5 μB/Fe 

for the FeII atom [5]), and the average magnetic moment (1.53 μB/Fe [6], 1.58 μB/Fe [7]). Our results 

of the magnetic moments for the FGT monolayer are larger than the experimental data [4, 8]. Local 

density approximation (LDA)+U, GGA, and GGA+U functionals often yield average magnetic 

moments of Fe greater than 2 μB/Fe [2, 9, 10]. Therefore, the calculated results do not affect our 

qualitative analysis of magnetism in the 2D FGT systems. As shown in Fig. S2, the detailed 

fractional coordinates of the Fe atoms of the monolayer FGT are Fe1 (0, 0, 0.6606), Fe2 (0, 0, 

0.5841), Fe3 (0.1667, 0.6667, 0.6223), Fe4 (0.5, 0, 0.6606), Fe5 (0.5, 0, 0.5841), and Fe6 (0.6667, 

0.6667, 0.6223).

Table S1 also shows the Gibbs free energy difference ∆G of the twist-stacked FGT bilayers. 

Each magnetic bilayer includes one FM, twelve AFM, and seventeen FiM magnetic orders. The 

calculated results indicate that the most stable structures of the 0° and 180° bilayers are the 8-

AFM and FM phases, respectively. The fractional coordinates of different Fe atoms of the 0° 

bilayer are Fe1 (0, 0, 0.3394), Fe2 (0, 0, 0.6606), Fe3 (0, 0, 0.5841), Fe4 (0, 0, 0.4159), Fe5 

(0.3333, 0.3333, 0.3777), Fe6 (0.1667, 0.6667, 0.6223), Fe7 (0.5, 0, 0.3394), Fe8 (0.5, 0, 0.6605), 

Fe9 (0.5, 0, 0.5841), Fe10 (0.5, 0, 0.4159), Fe11 (0.8333, 0.3333, 0.3776,), and Fe12 (0.6667, 

0.6667, 0.6223). For the 180° bilayer, the coordinates of Fe are Fe1 (0, 0, 0.4018), Fe2 (0, 0, 

0.3279), Fe3 (0.1667, 0.6667, 0.3649), Fe4 (0, 0, 0.6721), Fe5 (0, 0, 0.5981), Fe6 (0.1667, 0.6667, 

0.6351), Fe7 (0.5, 0, 0.4018), Fe8 (0.5, 0, 0.3279), Fe9 (0.6667, 0.6667, 0.3649), Fe10 (0.5, 0, 

0.6721), Fe11 (0.5, 0, 0.5982), and Fe12 (0.6667, 0.6667, 0.6351).



Table S2 the average bond length BL (Å) of the freestanding FGT bilayer

0° FGT bilayer 180° FGT bilayer
Bonds

Upper layer Lower layer Upper layer Lower layer

FeI--FeII 2.6528 (Å) 2.6175 (Å) 2.6184 (Å) 2.6187 (Å)

FeI--Te 2.6764 (Å) 2.6865 (Å) 2.6829 (Å) 2.6828 (Å)

FeI--Ge 2.6504 (Å) 2.6185 (Å) 2.6181 (Å) 2.6179 (Å)

FeII--Te 2.6481 (Å) 2.6243 (Å) 2.6178 (Å) 2.6177 (Å)

FeII--Ge 2.3114 (Å) 2.3044 (Å) 2.3042 (Å) 2.3041 (Å)

The average bond lengths (BLs) among the FeI, FeII, Ge, and Te ions are listed in Table S2, 

where the upper and lower layers are illustrated in Fig. 1 of the main text. For the 0° case, the 

average BLs of the upper layer are slightly longer than those of the lower layer. When the rotation 

angle changes to 180°, the symmetry of our FGT bilayer is changed, and the BLs of the lower and 

upper layers tend to be the same. Variation of bond length significantly changes the electronic 

environment and charge transfer around the FeI and FeII atoms, thus changing the electronic 

structure and magnetism of the 2D bilayer. These results reflect that the “twist-stacking” scheme 

is a practical way to manipulate the magnetic and electronic properties of 2D FGT bilayers.
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