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Fig. S1. Illustration of the different selection method of body-center-tetragonal (BCT) and face-center-tetragonal (FCT) lattices of L60 structure. 





Supplementary Note1: Demonstrating the existence and inexistence of LCO L60 domains in the two single-crystals
Fig. S3 a-b and c-d respectively present the microstructures of two Fe81Ga19 single-crystals without and with LCO L60 domains. The bright-field (BF) images of both single-crystals show homogeneous microstructures. However, the selected area electron diffraction (SAED) profiles viewing from the zone axis (ZA) of A2-[001] demonstrates the variation in LCO domains, as contrastively shown in Fig. S3b and d. Superlattice diffraction spots cannot be detected in the first single-crystal, but can be obviously discovered in the second single-crystal, as indicated by the red circles in Fig. S3d and tiny peaks between main diffraction intensity peaks in Fig. S3e. These results demonstrate the absence of LCO L60 domain in the first single-crystal, and its existence in the second one. The saturation magnetostriction of both Fe81Ga19 single-crystals are measured by standard strain gauge method with a pre-compressive-stress of 30 MPa, as presented in Fig. 1b
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Fig. S2 a, b Microstructure of Fe81G19 single-crystal without LCO L60 domains observed by transmission electron microscope (TEM), a is the bright-field image and b is the SAED pattern. c, d Microstructure of Fe81G19 single-crystal with LCO L60 domains observed by TEM, c is the bright-field image and d is the SAED pattern. e Linear intensity profiles along the arrows in b and d.

Supplementary Note2: Magnetostriction calculations of A2 with and without LCO L60 based on the first-principles
[bookmark: OLE_LINK2]For revealing the enhancement mechanism of LCO L60 domain on magnetostriction, two 4×4×4 cells are established by special-quasirandom-structure method1, one corresponds to pure A2 phase (namely A2) and the other contains a L60 BCT lattice inside (namely A2 + L60). The magnetostriction  is calculated through quadratic fitting of relative energy change  and linear fitting of magneto-anisotropic energy ()2, and the equation of the equation  , as shown in Fig. S4a. The detailed calculation principle is explained in Methods. From the perspective of energetics, magnetostriction is the output strain response to the variation in magneto-elastic coupling coefficient (), with the elastic constants () as the medium, which can be described as: . Fig. S4b compares the  and  of both cells, the slope of the curve connecting the data point and origin of coordinates represents the value of magnetostriction. The  of A2 cell and A2 + L60 cell are calculated to be 102 ppm and 185 ppm, respectively, the improvement in  mainly originate from the enhancement in magneto-elastic coupling effect induced by the L60.
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[bookmark: OLE_LINK1]Fig. S3 a DFT calculation of magnetostriction of A2 cell and A2 + L60 cell by fitting  and  with different distortion degrees. b Comparison in elastic constant  and magneto-elastic coupling coefficient () between A2 cell and A2 + L60 cell.
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[bookmark: OLE_LINK3]Fig. S4. a Lattice structures and parameters of the probably-existed phases in Fe-Ga alloys3–5. b Elastic constants of the lattices calculated by DFT.
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Fig. S5. phonon spectrums of D03, L12 and L60 structures.
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Fig. S6. SAED patterns of Fe81Ga19 alloys quenched from 800 oC to a 500 oC, b 400 oC, and c 300 oC, respectively. The alloys are isothermally aged for 10 min before observation. 
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Fig. S7. Generation of LCO L60 domains in Fe81Ga19 alloy when aging at 200 oC. a Aged at 200 oC for 8 min. b Aged at 200 oC for 18 min. 
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Fig. S8. Microstructure of Fe81Ga19 alloy quenched from 800 oC to RT and stayed for 30 min. a SAED pattern. b HRTEM image. c FFT pattern taken from the area in b.
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Fig. S9. Microstructures of Fe81Ga19 alloy which contains LCO L60 domains at RT, and are heated to 350 oC and stayed for 30 min. a HRTEM image. b FFT pattern. c IFFT image taken from the extra reflections in b (marked by while circles), indicating the existence of embryonic L12 phase. We used this experiment to demonstrate that, at lower temperatures e.g. 350 oC, the thermodynamically equilibrium phase can also be formed but much slower.
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Fig. S10. BF image of of Fe81Ga19 aged at 500 oC for 500 h, manifesting the generation of chemical long-range-order L12 phase
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Fig. S11. Rotation of a A2, b L60 and c L12 lattices, for a visual illustration of their orientation relationships. 
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Fig. S12.  a 3D atomic configurations of A2, L60 and L12. b-d 2D atomic configurations of b A2, c L60 and d L12 in the phase interface planes (grey planes in a). e-g 2D atomic configurations of e A2, f L60 and g L12, corresponding to plane observed by the TEM in Fig. 5.
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Fig. S13. Illustration of formation of stacking faults during L60 → L12 transformation.
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Fig. S14. Rotation of L60-1 and L60-2 lattices for a visual illustration of their orientation relationships spatially.
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Fig. S15. Probable pathway of L60 → D03 transformation via shearing. 
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Fig. S16. a,b Calculated stacking fault energy of a L60 → L12 and b L60 → D03 phase transformations. 
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b Aged at 200 °C, 18 min
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800 °C quenched to RT, 30 min
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