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Supporting Information 

Fig. S1 Optical images of flakes with different thickness. The AFM are measured in air after the RMCD 

characterization. The dashed lines marked the flakes being studied. (a) A 2 nm and a 5 nm flake covered by an h-

BN flake. The AFM was conducted near the edge of h-BN where the Fe3GaTe2 flake is only 2 nm. By comparing 

the optical contrast, we estimated that the red dashed line region is around 5 nm thick. (b) the 82 nm flake, (c) the 

224 nm flake, and (d) the flake with multi-steps with thickness of (e) 9.8 nm, (f) 13.5 nm, (g) 26.3 nm and (h) 39 nm. 

These thicknesses are all confirmed with atomic force microscopy. The red dashed squares in (d) indicated the 

region for the RMCD mapping in Figure 4   
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Fig. S2 Raman spectroscopy of a thin Fe3GaTe2 flake exposed in air. The thickness was approximately 10 nm. 

(a)The Raman spectra before and after exposing the material in air for 3 hrs. We did not observe significant 

difference in the spectra after the oxidation. (b, c) The optical image before and after the oxidation.  

 

 

     

 

Fig. S3 RMCD hysteresis loops of 82 nm, and 224 nm Fe3GaTe2 flakes at 40 K after spin polarization setting.  

(a) Hysteresis loops of the 82 nm thick flake using 532 nm laser (b) Hysteresis loops of the 224 nm thick flake using 

632.8 nm laser. The 632.8 nm laser has smaller RMCD signal but the coercive field and exchange bias is the same 

as that measured using 532 nm laser.  

 

 

 

 

 

 



 
 

 
 

Fig. S4 The RMCD loops of an 11 nm at different stages of oxidation and heating, measured at various temperatures 

without polarization setting. (a) Pristine state, (b)after 12 hours oxidation in air, and (c) after 350 K heating in air 

for 2 days. (d) Atomic force microscope characterization of the flake thickness (e, f, g) Optical images of the flake 

(e) pristine, (f) after 12 hrs oxidation in air and (g) after heating at 350 K in air for 2 days.  

 

 

 

 

  



 
 

 

Fig. S5 (a) Intralayer and interlayer exchange coupling between Fe atoms; Spin configurations implemented to 

calculate the system total energy for (b) interlayer antiferromagnetic coupling and (c) interlayer ferromagnetic 

coupling between the O-Fe3GaTe2 layers. 

 

 

  



 
 

 

 

 

Fig. S6 Full-field and minor field loops model for the soft and hard interlayer exchange coupling and the 

experimental result. If the interlayer exchange coupling strength between the soft and hard layers (SHC) is 

ferromagnetic and 𝑆𝐻𝐶 ≤ (𝐻𝑐
ℎ − 𝐻𝑐

𝑠)/2, (a) symmetrical exchange bias will show in the full loop scan together 

with the double steps feature in each scan. (b) Minor loops scan with smaller field strength. In the minor loop scan, 

exchange bias is still visible, but spin flips of the soft layer occur at smaller field values. (c) If the interlayer coupling 

is too large 𝑆𝐻𝐶 ≥ (𝐻𝑐
ℎ − 𝐻𝑐

𝑠)/2, no exchange bias will be observed. (d, e) For an antiferromagnetic interlayer 

exchange coupling 𝑆𝐻𝐶 = −(𝐻𝑐
ℎ − 𝐻𝑐

𝑠)/2, the full loop and the minor loop behaviors are illustrated as shown in 

(d, e) respectively. If we assume the pristine Fe3GaTe2 and the O-Fe3GaTe2 are ferromagnets and they are most 

likely ferromagnetically coupled, Figure 6a will be the model to explain the exchange bias between the soft and 

hard layer. (f) The RMCD loop of the 82 nm sample at 1.6 K with a full scan from ±6 T. The exchange bias 

disappears in the large field scan and no additional spin-flip steps appear. This excludes the possibility that the ±6 T 

flip the spins in hard layer (or antiferromagnets) to set the polarization direction.  

 

  



 
 

 

 
Fig. S7 RMCD hysteresis loops of multi-step flakes with thicknesses of 9.8 nm, 13.5 nm, 26.3 nm, and 39 nm, 

measured using a 532 nm laser. (a) Hysteresis loops after applying a positive field and (b) after a negative field 

setting, measured at low temperatures from the 13.5 nm region. (c) Hysteresis loops measured at 1.6 K from the 9.8 

nm, 13.5 nm, 26.3 nm, and 39 nm regions in sequence. The similarity of the loops suggests that spin flips occurred 

almost simultaneously across these regions.    

 

 

Fig. S8 The calculated (a, c) dielectric constant and (b, d) the penetration depth of the O-Fe3GaTe2 and Fe3GaTe2 

as a function of wavelength.  

 

 

 

 

 

Table S1 The calculated of interlayer exchange coupling energy and magnetic anisotropy energy (easy axis along 

[100] and [001] direction, respectively) Fe3GaTe2 (or partially oxidized Fe3GaTe2). 



 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Note S1. Fe3GaTe2 flake preparation 

 

Most of the thin layer flakes were exfoliated on electronic-beam evaporated 2 nm/3 nm Ti/Au films on SiO2/Si 

substrates inside an argon-filled glovebox, while the 5 nm flake was covered with h-BN to avoid oxidation. The h-

BN was transferred on the Fe3GaTe2 sample using PDMS gel films with a transfer setup also inside the glovebox1,2. 
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Magnetic anisotropy 
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𝐸100 − 𝐸001 

 (eV) 

0 

 

-49.42008 -49.50736 0.08728 0.04918 

      

1 

 

-55.1335 -55.16405 0.03054 -0.28494 

      

2 

 

-59.63218 -59.94839 0.31621 0.00173 

      

3 

 

-64.60348 -64.70636 0.10288 -0.11397 

      

4 

 

-68.41629 -68.19102 -0.22527 0.01094 



 
 

To prepare the sample for the STEM measurement, a platinum layer was deposited on the flake by the focus ion 

beam induced deposition. Then the sample was cut by gallium ion beam with the cross-section observable in the 

STEM measurement. 

 

Supplementary Note S2. The ab initio calculation of the interlayer coupling in Fe3GaTe2 and O-Fe3GaTe2  

Our computational approach utilized the Vienna ab initio simulation package (VASP) with the projector augmented 

wave (PAW) method to accurately describe electron-core interactions using the Perdew-Burke-Ernzerhof (PBE) 

functional framework3-5. A plane-wave cutoff energy of 500 eV was deemed appropriate for these calculations. 

Brillouin zones of the 1×1×2 supercell of Fe3GaTe2-Ox were sampled using a 12×12×2 k-point mesh. To ascertain 

the system energies for the antiferromagnetic (AFM) and ferromagnetic (FM) states, a two-stage methodology was 

implemented. Initially, structural optimizations were conducted employing Gaussian smearing, ensuring that the 

forces converged to values below 0.001 eV/Å. Following this, spin-orbit coupling was integrated into the 

calculations, and the system’s total energy was determined as a function of the spin configuration, as elucidated in 

Figure S5. In the final stage, the EDIFF convergence threshold was set to 10-8 eV, and the tetrahedron method, 

complemented by Blöchl corrections, was applied to achieve a precise determination of the total energy.  

The exchange interactions between atoms were obtained through energy mapping method6,7. To improve the 

computational accuracy, a 2×2×2 supercell was used, and calculations were performed for four different spin states. 

The nearest-neighbor exchange coupling 𝐽11 between Fe1 and Fe1 and the next-nearest-neighbor exchange coupling 

𝐽12 between Fe1 and Fe2 were obtained. Considering that the exchange coupling beyond the next-nearest neighbor 

is too weak, we chose to neglect it. The results showed that both exchange interactions remained ferromagnetic 

before and after oxidation. Before oxidation,   𝐽11 ≈ −0.247𝑒𝑉  and 𝐽12 ≈ −0.372𝑒𝑉 ,while after complete 

oxidation, 𝐽11 ≈ −0.016𝑒𝑉 and 𝐽12 ≈ −0.0031𝑒𝑉. This demonstrates that the antiferromagnetic coupling does not 

originate from intralayer oxidation but rather from interlayer interactions. Additionally, the frequency-dependent 

dielectric function of Fe3GaTe2 and O-Fe3GaTe2 is based on the independent-particle approximation8, with the 

wavefunction derived from previous calculations. 

In our DFT calculations, we adopted specific supercell models, assuming a uniformly oxidized structure for 

Fe₃GaTe₂ flakes. However, in real experimental conditions, oxidation might not be strictly uniform due to local 

variations in surface reactivity, defects, and environmental factors. This nonuniformity can lead to slight local 

variations in oxygen coverage, potentially resulting in variations in the strength of interfacial spin pinning across 

different regions of the sample. While this limitation does not invalidate our conclusions regarding the overall 

exchange bias behavior, it is important to acknowledge that local inhomogeneity may contribute to minor 

quantitative differences observed experimentally. 

Based on the interlayer coupling strength obtained from DFT calculations as listed in Supplementary Table 1, the 

magnetic field which convert the antiferromagnets to ferromagnets can be determined using the following equation: 

𝐻𝑠 =
2𝐽𝐼𝐸𝐶

𝜇0𝑀𝑠𝑡𝐹𝑀

                              (Eq. S1) 

where μ0  is the vacuum permeability 4𝜋 × 10−7N/A2, 𝑡𝐹𝑀 is the thickness of the ferromagnetic layer, and 𝑀𝑠 is 

the saturation magnetization, defined as the total magnetic moment of all magnetic atoms in a unit cell divided by 

the unit cell volume. 𝐽𝐼𝐸𝐶 represents the energy difference between the ferromagnetic and antiferromagnetic states 

of the unit cell.  

Our calculations show that fully magnetizing the antiferromagnetic state of the completely oxidized O-Fe3GaTe2 in 

one direction requires a magnetic field of approximately 443.7 T. This exceptionally strong antiferromagnetic 

coupling prevents the observation of antiferromagnetic spin flip steps even under an applied field of 6 T. However, 

this value represents an idealized interface; in reality, the complex interface structure in O- Fe3GaTe2 reduces the 

required field. For example, in the typical Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling effect, the 



 
 

experimentally observed antiferromagnetic coupling strength is often significantly smaller than the theoretical 

predicted value8,9. 

DFT calculations further indicate that interlayer coupling is antiferromagnetic only when both layers are oxidized. 

At the interface between fully oxidized O-Fe3GaTe2 and Fe3GaTe2, the coupling is ferromagnetic. Since the partial 

oxidation layer is a transition region at the interface between the fully oxidized layer and the pristine layer, the 

competition between ferromagnetic and antiferromagnetic interactions at this interface leads to a complex magnetic 

domain structure. Although a setting field of 2 T–4 T is insufficient to magnetize antiferromagnetically coupled O-

Fe3GaTe2, it is strong enough to influence the direction and size of complex magnetic domains at the interface, 

thereby determining the direction of the exchange bias10. 

Supplementary Note S3. Penetration depth estimation 

The penetration depth 𝛿𝑝 is defined to describe the depth at which the power density of an electromagnetic wave is 

reduced to its 1/e, which can be expressed in the following form11: 

𝛿𝑝 =  
1

2
 {

𝜆

2𝜋
 [

2

𝜀𝑟
′ ∙ (√1 + tan2 (𝜀𝑟

′′/𝜀𝑟
′ ) − 1)

]

1
2

}                       (Eq. S2) 

where 𝜀𝑟
′  and 𝜀𝑟

′′ is the real and imaginary parts of complex permittivity, respectively. For the 532 nm laser, the 

estimated 𝛿𝑝 of the fully oxidized Fe3GaTe2 is about 75 nm and the estimated 𝛿𝑝 of the Fe3GaTe2 is about 31 nm. 

For the 633 nm laser, the estimated 𝛿𝑝 of the fully oxidized Fe3GaTe2 is about 23 nm and the estimated 𝛿𝑝 of the 

Fe3GaTe2 is about 93 nm. 
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